
UYNCLASSV.'Wf D

AD - q.30'f

DEFENSE DOCUME. .- AIION C"ENIER

SCIEN~iFIC AND Ti[C:;,-NICAL INFORMATION

CAMERON STATIONT -XANDRIA, VIRGINIA

UNCLASSI FEED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any right"
or permission to manufa-ture, use or sell any
patented invention that may in any way be related
thereto.



THE A'NTI-01OLL STA\BILIZATION OF SHIPS

BY N/dL,\NS OF ,L\CTIVATED TANKS

V[RflCFONOF BASIC TiOYBY MODEL SYSTEM STUDIES

ALETJ .ORRIS( /JASPH;I CHA\DWICK

'TECHNICAL REIPORT NO. 15

PITVARED UNDER CGINTR,\CT N'f'-ONR-251 A' RE
(RO1-943)
FOR

OFFICE Or- ^!R RESEARCH

OFFKCE OF NAVAIA rEISEARCH-

DIVICION OF ENOliINE.EING MNECHA-NiKS <f
7.. STANPO'r.D UNIVERSITY C''

>1 ~ STANFORýD, CALIFORNIA

JANUARYI i951

/(



Best
Available.

Copy



K Olt,' Aj, lV.AT'is

Tochni t J.i )lporcis. 1

Clan Ac

Preparcýd umvloz Task OrcI ei' 2
fl -I19rF3J I

Office of Ai'res~c

And

Office of NhivaJ. flcziaacl

~J2'/51.flof 12tigineering Mfechanics
.9I-i-tinford ivrit
Stanrfordl C~alifornia

T i r, urI,195'



QB8TRACX

A ffive-.ton model systemi used for the study off anti-roll

stabilization of ships by activatedi tanks is dascribed, 4w~

1rhebasic theory off the problem out-1~ lined In Pa.rt A (separately bound) of this report. Instrumenta-

tion tnro-blems arnd instruments developed in connection with the

experi7-ntal program are d~scussed. Tests are conducted to

deterni~ne actual 3ystem parameters and transfer characteristics.
Theoretical and experime~ntal data are compared. Excellent cor-

relati!on is shown Indicating that the linear theory is a useful

tool 1in dealing with the problem. The effectiveness of this

method of anti-roll stabilization is convincingly demonstrated.

Weak~nesses in the model system are pointed out along with re-

co~teaded improvements.
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I. INTR DUCTION

This is the socond of four separately brtiiid 1at of a

t,ýchrnical report covering studio,: at Staat'ordi Univeri.'r.y of

1ýobln;..s connected with "Ant~i-Ro'll Stahilizat4ion of' 3'-ios b~y

Actlvatad Tanks-1, For the sake of co-ee~s h L*,les off

all fn'Ar parts ! •e rope'ated belows

Part A - Formulation of Problem and EasloT,ý~
Part B - Verification of Basic Theory 1r. Model System

Studies
Part C - Sy-ntliesis of High Porf'oriianc(.ý Systemls
Part D - Preli!!inary Considerations ic, the Desi.gn of

Full Scale Systems

As indicated, this part off the report i~ coiuce'rned prlrzarily

w'ith verific;ation of the basic theory deveiliý-ed in Pý-_t A. A

sec-adary purpose is to demonstrate the efffe:tiven-_,.3 of this

metIhod of Anti-Roll Stabilization. A 5 ton lyi~vaiical ,:,odel

systler Is utilized for tnis purpose.

Experimnental verif'ication of any theory is a hifhly de-

3irable goal. It is particularly desirable and import-int in

connection with "Activated-Tank Ship Stabili-zation". 7a1 Par't A

the theory was developed on an entirely linear basis. The~

writings of W,, )inorsky, (1.), (2). (3)p (O)t Ws3) t~)+ are,

hiowoverl considerabl~y differ*-*' a. approach. In these writingsp

one Soto the definite impression that non-linearities in the

IUabers la p~rontiose refor to list of references *shio*b
Up""* t OWnd of the report*

N -
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system are of great importance in gový'rnina its behavior. The

work of Minorsky in these references is cartainly valid based on

the assumptions he made concerning systera behavior. It has not

been entirely clear until now whether such assurptions are

necessary or warranted. If it can be shown that linear theory

is capable of adequately describing all importart phases of

syst!ýM performance, then the powerful, well developed methods

of linear servo theory can be brought to bear on the problem.

In Chapter II there is given a brief description of the

model system. This is followed in Chapter III by a description

of the problems involved in developing the.instrtuentation ne-

cessary for conducting the experimental program and a brief out-

line of the resulting test instrtunents. The experimental pro-

gram is presented in three major parts, each with several sub-

divisions. Chapter IV covers static and dynamic tests of the

ship-tank system. Chapter V covers tests of the controlst and

Chapter VI covers tests of the complete system. In Chapter VII,

the results of the tests are summarized and conclusions are

drawn as to the usefulness of the lineariz3d theory, and on the

effectiveness of the stabilization system. In additiong some

comments are made on areas of improvement in the control system

and the way is pointed toward the subject matter of Part C of

this report which is concerned with the synthesis of improved

stabilization systeis,



One thi~ng should be notel in ccn-nection wi~th thits report.

It Is written presupposing somie know-ladde off activated-tank roll

stabilization and in particular, soma lrc'owledge off pre-war and

post-war ef'forts byr the U. S. Navy based on the Minorsky approach

to the prOblem. For a more detailed description off the model

system, the instrumentation used) and~ the experimental maethods

and data, the reader As reffer:.ed to (7).

"A



II. DF3CýIRTION OF MODEL SYSTEM

Thle model system which was used. as the experiman'lal tool

in the studies to be described is shown schematically on Figure

I+and pictorially on Figure 2 and Figure 3. Although this

4 ~syste.- bears little apparent res-jr--llanice to an actual ship riodell

its ý'y"amic prop3rties are su:ch that its behavior can be taken as

a close approximation to that of~ a ship subjected to wave forces

causing rolling in only one degree of freedom. Approximations

do exist of course. These will be discussed in some detail in

Part D of this report. Here it is sufficient to note that the

equatio~ns developed in the first report are intended to closely

describe the behavior of the model system.

In describing the nicdel, the same logicakl sequance will be

tollowed as in Part A. Spacifically, the regulated element, the

regulating element, and the disturbing elemsent will be treated as

separate entities.

A. Regulated Element i Ship-Tanic Systeiu

The ship-tank system consists essentially of two coupled

pendula, one, inside the other, The external pendul~up.Vigui'e
3.~ represents.the ship* It is free to oscillate (roll) in

*All figures appear LA 1aalc of toxt, ~-
First nAmber weans ?4guro I., Beaorv wAubor rofors to t
0*A F1Strc L* h~z YQg'w mWWts $to*p 4 at '? 4W#

At
.....



junn deqrc2z of freedom around a fixed center of rotution annni~sting

of a shafo Figure 1.2, mounted in fixed pillow block be•'•jifngs.

Keyed to one end of this shuft is a damping paddle iumoarsed in an

oil Pilled tar&k The daw)ping thus obtained represents the tot;al

oentrnl skin ftriction plus bilge knlo d.rmping of tnhe ship. The

incne'nal. pen.dlum cons ists of fluid cau:sed to o:;sillate betrween

two 2' x 2' x 3' tan-s, Figure 1.10, 1.1.1, cross-connected by a

5" " trAnfnr duct. Figure 1.12. Under stabilization con-

di oInns , the oscil.lation of the fl]uid pndlum is forced by a

variable-pitch !cpallor pu1mp, Figure 1.13, located in one of the

t-tnks. The pump is driven at constant speed by a notor, Figure

1.17, 4hroujh an appropriate gear train, Variation of the pump

blade a•le in response to a control signa1 causo3 oscillation

of the Mluid nenduluon. Thn problem is to so phase these oscilla-

tions as to always produne torque on thr. ship eq 1 and opposite

to the torque prodvcad by wave forces.

B . Rejul;atin El.ement : The Controls

The control systo, consists priuarily of a roll sensing

element, a voltage amplifier with adjusotable phasing circuits,

a srvo-motor driving a hydraulic power amplifier, and a feed

back selsyn which provides a signal for proportional control.

The r.ll sensinq element is an acFigure 1.•e6,

mounted directly on the main pendulum shaft (see Figure 3). It

responds only to angular acceleration. In Part A iA. was shown



U1 for a of: V J' ,1I" an acclc,!eromný- er i3 the -ideal

prirnary control elem-ent, To i mprove the low frequnency re,ýsponse

,)f the0 systomit i pcsilb3.,c to ad ),sition and1 velocity con-

er l cimon,_s to th acc--lor-tion control. Vho0 model s;ysten hs

hry.*:cver, only colcatcncontrol. I - it n:I s Ls, it mauy t.he-re-

s'o tAia ze around ai *av, rafte ankcgle olthai' tI1 .-n zcero. S I .C

1,he p)ltI'Oosc 01 th!Is. 1)rog-r.m w,,as not to redes~ign thea _cdel s-.stuerc

no att(Žnpt -!as ;::md~e to mod~.fy its control s in any funaetlwy

'ihŽeffect off addin, zcosItItori- and val ortty con"ol is, '110-reer,

coVeroed in Par-t C.* ThIe celont movable element has linked

to it aj bTJchin1g Coil syrst= ,7,h~c oves in the fie~d of a 200

cycle ele ctromag~neIt "h , he :movable element is displaced by ac-

ocloratlc'n. Wdith no accoleration, the bucking, coilIs p r o (.-:,e ,e, zr o

not vol~takre. '.11th 'ee.rz,,the coils pde a -.phtase sonsi.-

t-.ive .%o,_ulIatcd 2C0 cycle v-:ltarre wc'1 . L'vd tuo the rlierin-

put.

The amrlifior -. as deindand buil.1t by h S]-e.:Ty Gyroscope

Co. be(fore n o, ;u II. A block diagram of this armpiifler is

sliovin on Figitre 1. A ,-chem-atic diagram is shoa,.n on Figuvre 5.

The primary furnction o-.' the amplifler 13 to enable thae bsc con-

trol equation:

6=ir K oc

to be satisfied. .'n the aclual amplifier, by provision of two

differentiating sUI-.ge-s. the control equation becomes of the form:

mý~~ + t+ W



F!,

It is possible to incnpendcnt].y control , a:-plitue+ of each af
th de i a v s in pr c l n, t o W ac z s ne e s d.if

ring to FiUUr -, it is seen that t'e ac.lar om.etr output sign•.

is fed into ,n c-hannel.So One channel a det.odulator to allowi

for two ff crentiaLing .teps at low fra l.nnc y c The other con-

sists of the .. plikl .r staGes. The dLffaŽ 'entuiate(1 3ignals are

re~odiated .a 'on fe t into the sane n.li.clr stages. The

!Ži + Q' + q9• signal is amplified and nzoY to drive a 200 cycle

3servo uotor. This motor is directly /&srK.i to the control valve

which controls pus•p blade angle and also to a selsyn which feeds

back to the input oV the am.pl.ifier sectian a signal proportional

to p'uap b.thdc anSle. Thus the net signal being amplified is:

6 .. + n-

whore co .... O

Thi.s mikes Uie blade an, proportien•••.l to accelerr.ation plus dert-

v:t.vcs. Reference to the "cnamtic diav " on Figre 5 indicatas

;;n I; the Anx.ndul.ator and remedulatoir cir.u.its are phase sensitive

rectifiers. Differentiation is obtained by using audio trans-

tformers at very low frequencies; in the region where they provide

roug;hly 900 of phase advance. Amsplific.tion is performed primarily

at the carrier frequuncy with straight for.,ard transformer cou•.-

ing used. Most important adjustments are to obtain maximum motor

tor que by proper phasinq of the 200 cycle armlifier output and to

properly phase the accelerometer and remodulator 200 cycle voe-

races so as to be exoct].y 1300 out of phase "ith the feedback sel-

ayn voltage i" cider to satisfy the control equation.

7-



The servo-motor is a two phase, 200 cycle induction motor.

One phase is fed directly by the 55 volt, 200 cycle line supply.

The other is fed by the amplifier output, The motor shaft is

geared to the hydraulic anrplifier control valve.

A hydraulic )o,.!er a.:-lifier is used to control the pump

blade rSnle. The piston of this amplifier is directly linked to

the blade shifting rochanism so that motion o, the piston produces

a proportional notion of the blades. The hydraulic mechanism is

located on the top of the tank system as shown on Figure 2. A

sectionalized diagram of the piston and control valve mechanism

alcng with the pump drive i otor and mechanism is shown on Figure

6. A line diagram of the control oil system i% shown on Figure 7.

The amplifier is essentially a "unity follow-up" system. Linear

motion of the control valve in response to a control signal

through the servo-motor opens up ports in a cylinder fed by 100

psi oil. The ports, as designed, are opened in such a way as to

provide an unbalanced pressure on the piston moving in the cylin-

der forcing it in the direction tending to close the ports. Thus,

the piston always moves in the same direction and by the same

amount as the valve (unity follow-up). Pressure for the system

is provided by a separate motor driven gear pump, Figure 1.21,

which uses the bilge keel damping oil tank as a sump. The pump

feeds oil to an accumlator, Figure 1.20, which in turn feeds

the high pressure cylinder,

R N
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C. Disttirbln-z Elemojnt i Stevenison Link Mechanism (Wave Forces)

Wave forces are provided artific.ially by a Stevenson Link

I-A'echanism shown best on the schema~tic diagram of Figure 1, The

mechanism, as used in the tests to be described, had only one

driving raotor which restricts its output to sliaple harmonic

motion. By varying the speed of this motor, a wide range of

frequencies can be generated. Amplitude of motion is governed

by mechanical adJustment of the linkage. Referring to Figure 1,

a horizontal sliding r~od connected to item 1+ is driven in simple

harT.o;nic notion by the mechanism. Th'lis rod is linked to cross

arm 22 causing to to rock back and forth. This arm Is called

the wave slope arm. It is connected through a set of parallel

springs (Figure 1.3) to an identical arm keyed to the m~ain shaft.

Th~us, motion of the wave slope arm creates a torque through

spring action on the E a causing, the ship to roll. The

a~gefrom the vertical or the wave slope arm therefore becomes

the effective wave slope acting on the ship miudel. Springs are,

of course, necessary for coupling since under stabilization con-

ditions the model system stands almost still with the springs

alternately contracting and expanding to take care of the motion

of the wave sl.ope bar.

D, Conceluding Re2marks

It can be seen, even fromR this brief descriptionp,that the

mode~l system incorporates all. of th~e essentials of an actual

0a
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ship installation. To complete the picture, a transfer function

jI block diagram of the system is shown on Figure 8. The diagram is

complete with the transfer function notation to be used through-

out this part of the report. On this diagram) the system blocks

SA, f, • defined by Figure 6 of Part A are easily identified.

Ii. From Part A, Figure 6, it is seen that A represents the control

elements so that:

S e eX X
219 e,,2KaK 6K7T3G4+(p)G,5(p 6(P)G7(P)

Likewise, B of Part A, Figure 6, represents the active ship re-

sponse; so that:

B au = out* =CC K 2K3G2(pG 3(p)

Also, ) of Part A, Figure 6, represents the passive ship response;

so that:

9
c-JAK 1G1 Cp)

J In this notation, from Part At

Gin = Hypothetical motions due to waves alone

gout= Hypothetical motions due to stabilizer action alone

We now have some idea of the physical system to be studied.

It is next necessary to consider the instrumentation needed to

carry out the experimental program. The problems connected with

the instrumentation and a brief description of the instruments

used are covered in the following chapter.

¾.110

%



I III. IIST,3UMENTATION

A. G_,naral Considerations

In order to carry out the experimental pi.ogram, considerable

instrumentation is of course necessary. It ..as early decided
that the best way to properly determine relative phase and ampli-

tude responses of at least six different elements of the system

would be to record them simultaneously and on the same paper. In

view of the fact that most frequencies of interest are less than

1 cycle/second, the Brush direct inking penmotor oscillograph

appeared to be an ideal recording instrument. The frequency range

of interest requires some clarification. :.ctually for steady

state sinLusoidal response measurements, the freýquencies of inter-

est lie well below 1 cycle/second. However, even under these con-

ditions the water flow in the tanks will undoubtedly exhibit

erratic motion due to closing of the duct as the blades go through

zero. In addition, some chattering of the blades, valve, and

motor may be expected along with backlash in the gear trains. In

view of this, the instrumentation should be capable of fair re-

production of components up to at least 10 cycles/second, even

though for phase measurements the design is for minimum instru-

mental phase lag below 1 cycle/second. Another impor'*'a- factor

was that the fact that there existed twin channel model BL 201

Brush Recorders on the Stanford Campus and in addition one six

channel Brush recorder. The choice of the recording instrument

*-. . . . . .. ' /



I

dictated the necessity of deriving electrical signals to actuate

the recorder. Also, it dictated the necessity of building DC

amplifiers to drive the recorder channels. In view of the avail-

ability of the 5ix channel recorder and the desirability of re-

cording sir..ultaneously several phencmena, a six channel DC power

amplifier to drive the penirotors -vas built. Thus the rfrndamental

irstrunentation, com~ion to all neasw.ements, required multi-

channel recorders, multi-channel DC zower amplifioers to drive the

recorders, and an adequate stab!lizel power supply for the multiple

amplifiers and other equipnent to be used. Only a word need be

said about the need for DC s:jplifierz as opposed to AC amplifiers.

.Co are primarily concerned with f•:.uencies from 0 to I cycle/

second. No AC anplifiers exist i:hich are useful in this range.

B. Recorders

Thlese instruments are wde1 ::-: and are almost ideal for

the purpose of the tests to be desc-bed. They convert electrical

voltages as a function of t1i-e intc ;ermanent records. In the

frequency range covered by this rep¢t the pens respond with

negligible time lag. Pertinent data are indicated below as a

matter of general interest. Model Zr 902 peximotors are used in

each cbhnnel.

Frequency response - flat from 0-10 cycles/second, I db down at
Z . cycles/second

Sensitivity - 1.1 mM/volt.

Paper Speeds - 5 mu/see, 26mm/sec, 125wm/se. jr
...pedance 1-500 ohms (resistiv

-12-



For the purpose of these tests, great care must be taken

that pcns on all channels used simultaneously are properly

alined. If this is not so, we read an apparent (fictitious)

phase shift linearly proportional to frequency and one which

cnanres in steps as one nhanges paper speed. Equal sensitivity

of pens in each c...nnel is not so important as only relative am-

plitudes are needed.

C. DC Power Arn.tifiers

The DC power ar-plifiers used are shown schematically on

Figure 9. The unit consists of six separate channels, five of

which are essentially identical with the sixth (channel 5) hav-

ing been modified from its original form like the other channels

to act as a pre-anpli-fi.-4r ".n order to provide the possibility of

greater e vo t iage gain. The units (1, 2, -, i&, 6) are designed to

drive Brush recording penmotors. As such, they are essentially

power amplifiers producing 15 volts across the 1500 ohm load of
the penmotor windings. These channels have a voltage gain of

only 7.5 but have a power gain of about 1O 000.

The only difference between channels 1, 2, 3, and channels

42 6 is the input arrangement. Channels 1, 2, 3 are designed to

take inputs directly from helipots whereas channels 4, 6 are not.

Channels 1, 2, 3 can, however, be used as straight forward ampli-

fiers as well. When used with helipots9 the voltages for the

helipots are derived from the amplifier itself as indicated by

the input arrangement for chaxnels 1, 2P 3#

- 13 -
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I Each of the channels is provided with a switch which grounds

the input grids to allow for balancing the amplifiers to zero with

no signal in. A microammeter Is used as the balance indicator.

It can be switched across the two output cathode followers of each

& of stages 1, 2, 3, 1+, 6 or the output to ground of channel 5 by

the chanrnel balance selector switch. In addition, vach stage is

provided with a 10:1 and 5:1 fixid attenuator as well as a gain

control. The input impedance of each stage is sufficiently high

(200K) to prevent loading of any signal of interest. The output

of Pach stage, except 5, is taken from cathode followers and fed

to the penmotor windings. Fifteen volts will produce maximum

peak to peak pen deflection. The output stages, (except 5), are

designed to overload if voltages much higher than 15 volts are

produced. This characteristic serves to protect the penmotors

Sfi'o•i being over driven. This type of driving output circuit is

I now quite comnon. The only item not perfectly straight foriard

is the use of gas-tube coupling. The advantage of this type of

I coupling is that it provides DC coupling withouL signal attenua-

I [tion. The gas tubes can operate at much lower current levels

1 (10-20 microamps) than normally used in voltage regulator cir-

cuits and still perform, "atisfactorily. The use of gas tube

coupling is discussed in detail in (8). As shown on Figure 9,

channel 5 has been made into a voltage amplifier. Its Input

arrangement is the same as is in channels +, 6. The voltage di-

vider output of Lhe first 635 is experimentally adjusted to give
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zero or slightly negative DC volts on the grid of the second 6J5.

The output arrangenent of the second 6J5 is the same as for the

first. It As zeroed by Lhe use of the panel meter which is con-

nected betý,'een the output and ground. '1henbiased to zero, the out-

Fut of chonnol 5 can be fed to the input of any of the other five

channels. It not only provides pro-voltage amplification if need-

ed but give:3 considerable additional bias control. The voltage

gain of channel 5 is 5.5.

D. DC Stabilized Powrer Suppl,

The schematic circuit of the DC Stabilized Power Supply is

shown on Figure 10. This is an entirely conventional supply and

incorporates only standard practices. In view of this it will

not be discussed in detail. The power supply is rated at 300V

and 1+00 m.a. In orcder to obtain this Duch current it was decided

to build the supply in t-,;o equal 200 m.a. sections. Control of

voltages to and from both sections is, however, accomplished by

common switches; so for practical purposes there is only one

supply to deal with. The large current requirements are dictated

by the necessity of providing power to the DC Power Amplifiers

and other equipments requiring stabilized voltage supply.

E. §ine Wave Generator

In order to determine transfer characteristics of the

system components, it is desirable to open the closed loops and

test the component parts of the system with artificial signals
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derived from some source which re3places the signal originally

obtained from the accelerometer. Also, in some cases, it is de-

sirable to test the system at frequencies higher than those which

are available from the Stevwnson Link Mechanism. The form of the

artificial signal must be that of a 200 cycle sinusoidal carrier,

siriusoidally modulated at. frequencice ranging from 0 to about 8

cycles/second.

The Sine Wave Generator used is shown diagrarnatically on

Figure 11. It consists of a DC motor whose speed is varied by

both field and armature control. The motor is geared down in

two steps, 120:10.92tl. Two selsyn motors are usedi one being

couoled to the 120:10.92 shaft on the reduced speed side, and

the other being coupled to the 120:1 shaft on the low speed side.

Both selsyn motors were designed for 115/907, 1+00 cycle input

but are performing satisfactorily w.ith the available 55V, 200

cycle input. Input power is fed to the selsyn motors and output

is taken from the stators. Under these conditions the selsyn

motors operate as variable transformers as desired. The fre-

quency of modulation of the lowest speed selsyn can be varied

from 0 to about 1.6 cycles/second and the highIer speed selsyn

can operate below 1.6 cycles/second up to 7.6 cycles/second.

This gives a rtinuous range in available frequencies as high

as desired for most purposes.

-4,
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F. Test Demodulators

Two identical channels of demodulator circuits are provided

and are shown schematically on Figure 12. The purpose of the de-

0 modulators is to obtain the low frequency modulation component of

a modulated carrier to drive a pen recorder. In this case the

carrier frequency Is always 200 cyclps, and, depending on the

source, the mioduloti(n frequency has components of interest mostly

below 1 cycle/second. Sources of modulated carrier signals re-

- ~~quiring dem•,odula•tion for• puirposes of those tests are the valve

selsyn for valve position, accelerometer output for accelerometer

response, the Sine Wave Genorator for filter te•'Ls, amplifier

tests, etc. The circuit used is very standard and need not be

discussed in great detail. It is nothing more than a typical

phase sensitive rectifier.

In arriving at an appropriate time constant for the filter

section of the rectifier the folloing criteria must be satis-

fied.

a. The resistance component must be small compared to the

input resistance of the load. The load is the input

grid of the DC power anplifiers which have 200K input

resist ance.

b. The time constant must be as soall as possible in order

to minimize phase shift in the frequency range of in-

terest,
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c. The time constant must be large enough to effectively

i filter the 200 cycle carrier.

A time constant of 0.1 second3 was originally designed for.

This was reduced to .056 seconds after experimental check of the

demodulator performance indicated that RC = 0.056 seconds gave a

tolerable ripple, indicated by a slight thickening of the recorded

S~ trace.

G, Test Panel

For almost every measurement it was necessary to derive

voltages from several far removed places. In view of this, it

was decided to bring the naJority of the signals and power supply

voltages that would be needed to one place and simply plug into

an appropriate socket to derive the desired voltage. The voltages

available are shown on Figure 13. This test panel installation

has paid itself back many tiries.

H. Slectromaý'netic Induction Flowmeter

AlU of the Instrumentation previouusly describcd represents
well known servomechanism practice and is the type of instrument-

ation required for almost any experimental program dealing wfth

servo devices. However, among the most important factors to be

determined experimentally in this program are those connected

with the dynamic characteristics of the flow in the tanks as a

functioa of blade aAgle, time and frequency, Of primary Iterst.

i s the reLation betweeA te f low rate, and Oc the pwW blade

J -3'*-•
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angle. It is necessiary therefore to measure F.nd compare its

Instantaneous value with th.n1- nf oK and other z-.zstern components.

Sinae the riLo'..; rmeasuring instrument must give an~ accurate indica-

tion of both pha~se and amplitude of flow, tn'e :-n-euirernents to be

net are quite severe. These requirements are:

4t a. The instrument must measure fluid velo-ýties absolutely

linearly in the velocity range (+ 18)--,-(-18) feet/sec.

b. The data obtained should be recorded s-'--ultaneously

w:ith information on pum~p blade angle, tank. position,

etc., to enable measurement of time anai/or phase lags.

c. The measuring instrument raust in no way disturb or dis-

tort the flow.______

d. The inst-rumaent must respond only to f2.zid velocity and

must not be sensitive to static or kinetic pressure

forces.

e. The instrument should have instantaneous response and

not introduce any time lag of its own,

Tv.o main factors are involved which greatly restrict the

choice of instruments. First, the flow covers a wide raage of

Reynolds numbers so that devices such as paddles, current mieters,

and Pitot tubes operating on (veloc ity)2 are ruled out due to
~Inherent nozi-linearity as well as non-constancy of the Reynolds

numuber over the range of interest. Seconds9 the fluid i,'S not

alvays mcvlng at a constant velocity but is usually *a4*u2As~tSvg



In addition, the tanks and duct in which it moves are also

usually accelerating, and at the same frequency. Therefore, any

instrument sensitive to pressure not only responds to the level

of t~he liquid in the tanks and to the velocity head but is also

effected by the change In pressure caused by two separate ac-

celerating force3 between which it wro.al be almost impossible to

distih.~uish. A c~urrent metering devi.ca would seem to offer
promise btif"the-duct siz~c issalada s n uch device

inserted into the stream would distort' the flow. Also there is

no guarantee of its linearity over the entire range of interest.

Thus we seem. to have ruled out all instruments upon which the

fluid acts directly with a force. Photographic methods seemed

highly undesirable. For one thing it would be necessary to inter-

pret and trariscribe the information fror- the film after a trouble-

some developing and printing process. For another, although it

would help us visualize Lhe flow, it would be extremely difficult

to obtain a continuous measure of fluid velocity without tracing

individual particles in the stream. The photographic method was

used for tank level metering by Minorsky (1), (2) but was ufl-

satisfactory for the reason stated abova as well due to turbulence

of the fluid level and necessity of interpolating true level due

to tilt of tenks. There remained an electromagnetic induction

nothod wichl~) was chosen for ase since it appeared to satisfy ail.

of the above requirements very nicely. This method le 4eribe4

In $ome40"U in (7) =A~(9 It wiU be 4*scwlb."oi42 vs
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The method is bAsed on Faraday's law of induction. A

voltage is induced In a conductor moving at right angles to a

static magnetic fLiel. At any point along the conductor this

voltage is proportioial to the magnetic field strength, the ve-

locity of the conductor and the increnental length of conductor

under consideration. Theoretically, a conductor is not necessary.

A voltag'e will be induced indnpe,,n nfo the conductivity of the

moving mnaterial. In practice, howiever, it is desired to measure

this voltage. For this purpose it helps to have a high conducti-

vity material such as water so that the amplifying means will not

load the voltage generating system. Refer to Figure l1+ showing

a picture of the actual flowmeter installation. Oscillating

flow takes place in the 5" x 11" transfer duct connecting the

two tanks. The two radar magnetron type permanent magnets create

a magnetic field through the lucite Section of the duct at " ight

angles to the flow. Thus, when flow occurs, a voltage is in-

duced in the moving elements of water. This voltage is picked up

at two electrodes located in the sides of the duct. Figure 15

shows a schematic diagram of the equipment associated with the

flowmeter. The signal voltage is superimposed on a polarization

bias voltage which is canceled out of the systemi. The a-c noise

on the signal is taken out by a lot--pass filter. A chopper type

d-c amplifier provides the pre-amplification needed to drive a

S d-c powvr amplifier which in turn drivem the recorder.
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I. Concluding Romarks

The Instrumentation briefly described in the preceding

sections was all carefully calibrated to determine the phase

and amplitude distortion introduced by the instrumentation It-

self. This information is not presented here but exists in de-

tail in (7). Suffice to say that the experimental curves pre-

sented in the following sections have all been corrected when

necessary for instrumentation distortion.

We now know something about the system to be investigated.

In addition, the tools are now available with which to conduct

the investigations. The next step is to actually get into the

problem. This is done in succeeding chapters.
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IV, STD UP S3iIP-TANK SYSTEM : THE REGULATEJD A1LFN

A. Notation an Asic Equations

It is intended to present the thcorctir'al. and experimental

results in dimensionless form in order to maintain generality

and prepare the way for later extrapolation of model system

studies to fulil scale studies. The analytical treatrfent of' the

ship-tank systemi presented in Part A has given us the expected

"form" of the charpcteristic functions and will enable us to

determine from the experimental results the various system para-

meters. The equat~i--ns of m~otion of the ship tank system derived

in Part A are repeated below so that the meaning of the para-

meters to be obtained is clear:

For the Ship (equation 14 of Part A)

(p 2 JS+ pB S+K )G +(p 2 j +s ,K) Ks(1

For the tank!ý water (equatlon 15 of Part A)

(p2it+K de + (P 2 J1 + p B t + K t) KoCW. (2)

wheres

(All definitions are such that the param~eter times its

associated angle or i.ts derivatives results in a torque

on the ship)

* A ngle of ships' mast from vertical.
=Auiglo formed by line drawn between the centers of the flidA1
mtcfo~s in each tank relative to a horizontal. lia~s thraoal

P 3-



BS = Shin friction parameter of ship to waves

Ks = Righting parameter of ship with water in tanks but duct
blocked

SJ 1Eonent of inertia of ./ater in tanks

3B = Skin friction parametelr of water in tanks plus dynamic
t hcad-loss coefficient of the pump

Kt = Torque on ship due to a head of displaced wrater in tanks

Ist= Inertia coupling parameter betw:een tank water -and s.i4 .

K = Pump static head parameter
K ss= Sea-ship torque paraameter

p = j(o Assuming steady state sinusoidal behavior

"j Before setting down the equations in dimensionless form, it

seems lasirable to again define certain dimensionless parameters

already defined in Part A.

Let:

P
(us

wher coh represents the rescnant freqiency of the ship, Then

let us define another dimensionless ratio as:

flr= !k where 0r represents resonant fre-

quency of system element being con-

sidered.

'When considering the tank water for instances

'r fit
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It will be noted that P gives an insight into what happens when

the natural frequency of the ship is changed. The use ofIjr
gives an insight into the effect :,2 changing the natural frequency

of the ship as well as the natural frequency of the system com-

.~orent under consideration.

!:ow for specific dimensionless pa rameters:
S....SHIO TERMS

ss
sresonance factor of ship

fS =-.•S

TANK TERMS

t normalized static tr.que parameter of tanks
K s

S= •_anj natural feie-c, _normalized natural fre-
t COs s4ip natural freqaency quency of tanks

tKt
t = resonance factor of tanks

12 = = resonant frequencr of tank water system

M4UTUAL TEM-0S

2U ="secondary resonance" eguency= normalized
at ship natural frequency secondary re- f

sonance fre-

25 
quency

• I2 j-



Os t sec ondary r-.sonance frequency

} it

_ss 33 no-malized wave slope torque parameter

p K= norziali;;ed puirp torque parameter

p KJ

With notation vell in hand, the next step is to put equa-

tions 1 and 2 into normalized form. This is a simple matter of

algebraic manipulatioin. The result is:

(P2 + I P + 1 )( + Xt[CE-. +I],= XP )i 2')
QStDt ss

A P I t(-t [ + +(tt) ] (2

~st t ilt Qt nt

The first step in experimentation will be to determine IAe
static and dynamic parameters of the system as defined above.

Having determined these parameters, we can compute the transfer

responses of different 3lements of the system and compare these

responses to the experimentally determined transfer responses.

This comparison will provide a check on the validity of the

assumption of linearity made in Part A. The transfer responses

"of interest in this chapter are those intimately tied in with

the regulated element (ship-tank system). These are defined on

Figure 8 ass
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Sr . ..- . ... . . . - - - . . ..- -.. . -. . - .. . . .. .

KIG (p) Oin/U = P'issive Ship Response

K K22(p) ;out/4 = Ship-Water Response

K G (p) /oc -- = Pump Response

There is much justification for considering the pump, d-iue to its

size, weight and cost, as p .rt of the regulated elez:ent rather

than as part oL the c..nt-rol elements which are in general small,

light and ielauively inexpensive. In view of this we call-. .

K2 K3 G2 (p)G (p) out/OC = Active Ship Response

To obtain *in/r ".:e set •= 0 in equa.tion (2'). This leaves

a direct relation bet ween :c and S. Elimnlating 5 gives:

-A-))

9 (3)
0 (p2+ - p+ 1)( Qc2+ L Q) + 2+1]

To obtain Gout!/o we sot ) = 0 In equation (1'). This gives:

CD. It-) +1]

~~~ N~.. .I 2  _ (p2+ _ p +l1)((&_)2+ 1] (+)+

We now have the "passive" ship response and the "active" ship

response. It remains to determine the transfer functions

K2 %(p) and K3 G3 (p) indicated above. To obtain K2 G2 (p) = Gou•/0

Swe need only set P = 0 again in equation (1'). This gives, from

equation (11) alone:
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+ + 1)(

but - 0 p- Sot t st

j _-_ + -1 (6)

- wP(P +Qp + 1)I -Thc deriv.n,n. :3 -i7', (t.a( rost$rlse) ib a

j little tvicky. Accuall:,, if *.:e set %1 = 0 we can determine two

distinctly differe:i"• f... n.. "ios both pi-operly called OC
I, { One iL obtain>ed 52 blyc:in< the ship (9 = 0). This is the uni-

lateral transfer resa)onse of the pump alone. If -ie leave the

s±~i.p *:nbloc&Ce, tl.!n teexistence of a value for ý means a

correspondi ... orn the ship causing it to roll. This rolling

modifies the ýro-cect ,. th•e pu.np alone. That this is so can

be seen frcmn the fact that, even with the i,:.p not running, we

can proTice a 9 by rý- 1 iin, the; ship. Thus i obtained with an

unblocked ship is not unilatefal. In othe:r:- wurds, the "output"

ic reacting back on the "input". We will still find the relation

/ -x. with ship unbiacked an important relation in checking

our linear theory. It -:ill therefore be derived for both cases.

For the shio blocked case (O " 0, 0= 0)

Equation (2') reduces tot
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- A

--P- (7)
P )% t ,2 + +

SF•::- ~~~~shl~r, ,*m:..ockod e'ee_ _._•9, '=O

Earuation (1i) ivesa i'ala•tion bho',:,en 9 and /which,
f .lhe.n substituted in equation (2') aLi' rer e'ing that = p €

gives:

;?+2~ +

- A0 1(? Qq + ~1]_E_) 2+ 1]2
.•sp2P( 2  2(+

t 1'r t "t ý

The shzp-tank system p:xi.meters are no'.; all defined. lie

have der,-ived the theoretical linearizod transfer functions of

the shi'r-tank system based on the li..ar theory developed in

Part k. Our next step is the experine!tal determination of these

-arazaters -nd of the transfer responses. In special cases, the

eoperinenta_ v2ues for Uhe par aaeters will be checked against

theore:-ially calculated values. These cases will be confined

o o n.....t........t.It such ast and wt, and to the mutual

parameter Jstf since, it is assumed that the primary problem is

to install stabilization systems on existing ships or, in any

case, where ship parameters are known in advance. If this is so,

in designing a system, it is only necessary to calculate the

parameters of the "added" system and how these parameters change

the un=odified ship parameters. In AUl cases, theoretical _an

experimental transfer responses will be compared.
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13. Determination oLf_ Static Parameters

Referring to equations (1) and (2), there are four static

para,,ceters which must be determined. These are:

Ks = Righting parameter of ship with water in tanks but
:i duct blocked

Kt = Force on shin due to head of displaced water in tanks

i s =s Stpa-hl torqtie parameter

K Pump static head parameter

For e.xperiimental detti~iination of the static parameters it

is useful to look at t)he static equations of the ship-water system

as obt-tined from equations (1) and (2).

For Shin

"Tor'que" + Ks 9 + Kt _- Ks

K Kt 0 K = K O(
t p

"t"Torque" refers to some known force applied for purposes

of calibration. By holding appropriate angles constant, it is

simple to separate the effects of the individual parameters.

The test set-up involved applying a known force by means

of a spring scale and pulley arrangenent at a fixed distance

from the ships center of rotation.

1. Determination of Ks- Exnerimental

K., being a ship parameter, has not been determined

theoretically. It is not determined directly experimentally.

It is possible) however, to determine KXs-K t directly and Kt
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~t. --

t dfrec:;ly. From those, KS can be determiincd indirectly. Here

the experimental deternlination of Ks - K will be described.

If the duet is left. open and i is constant, then = -

at zero frequency if ptiTp is off. Then the htp Cquatiofl re-

daces3 to:

(K: - Kt)9 =A Torque

This iueans taat all we need do is apply known torques to the

ship and cause it to tilt to different angles to determine

K8 - Kt From these tests, the average value of Ks - Kt ist

(K -K 4.20 10 radian average torque/radian

The value of Kt obtained in the following section is

Kt = 1.25 x 103 ib'_f_K =1.2 x 03 -bdia = average torque/radian of

•nKs = 4•.20 x 103 + 1.25 x 103 = 5.4,5 x 103 l-f
S" radian

2. Determinatin of Kt

a. TY, ore1tica

In Part A, the theoretical equation for Kt
is given ass

Kt = 21oAo00

where A area of tanks = 1.92 ft. 2

L = distance from center of rotation to center of
tank = 2.29 ft.

O = density of water = 62.1+ lbs/f t3

+ As p~reviously indicated.) those readers interested in specific

data must refer to (7). Thi loan of this document can be
1rranged.
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so Kt = 2-- 62.1t 1.92 x (2.29)2

= 1.25 x 1.0 lb.ft/radian

b. Exnerinienta.

For this test 0 and are held constant and

torque and E are %raried, The ship equation reduces to:

SKt a A ZTorque

SProcedure = to puip %rater to differ<•nt levels in the tanks and

mecasure the torque :equired to restore the 3hip to its reference

position. t ata give an average value for Kt of:

Kt= :1.25 x 103 -lradin = average torque/radian of -

3. DCt-ar:ination of K - Experimental

For this tests e and ) are held constant while

"torque" an: YJ are varied. The ship equation reduces to:

SsA -\Z torque

The proced-r e was to measure the force requi-red to restore the

ship to a ' known position after varying the uave slope angle /.

Experimrental data give an average value for Kss of:

K = 1.32 x 103 lb ft= averae torque/radan ofss radian

1+. Determination of Kr -. Experimental

For this test, 0 and • are held constant and

is measured as a function of o(, the pump blade angle. The

tank water equation reduces tos

32
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SO Kt•/ -- KA

S~~~soK- = .

In order to get sufficient range for n , the ship was tilted

irn.tally and all -.½equent :ea3urom nts "'r corrected for

this tilt. The proaedure was to vary the p'.::p blade angle omand

measure the corres -rnding level of the water in the tanks. -

periz.ental data are ::lotted on Figure 16. As can be observed

fro:. this plot, K /K. is not very constant e:<cept for blade angles

from roughly 0 to 2 degrees. Under stabilization conditions,
the pzmp blade is vu::ing bet•:eea the liits t 5 degrees on the

average, depending on the fr::juency. In vie-: of this, a fairly

arbitrary zvcra-e slope at CK = 50 was drarn and this wias used to

deterzine:

Kpkt = ,5.6

From this we get:

K = 5.6 Kt = 7 x 10 3 lb. ftPtradian

5. Summary and Discussion of Results on Static Parameters j

Theoretical Experimental

Ks None 5.+5 x 103

Kt 1.25 x 103 1.25 x 103 all results in !b.ft.
radian

Kss None 1.32 x 103

K None 7 x 10 3

-3
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Using the experimental values, we get for the dimensionless

parameters:

\ks = K/Ks = 1
= K = 1.25/5.45 0.23

s • = KSS/KA 1.32/5.45 = 0.2+2

Ap =K/K 7.0/5.45 = 1.28

It -zrili be noted t:at the theoretical and expermental. les.

Sfor Kt agree exactly. Close agreeme~nt should be expected since

this calculation inv.olves little approyin t ions. The value of

Xp above involves a considerable approximation, since obviously

it is only an estimated "average" value. It will turn out, how-

ever, that the nature of the dynamic pump characteristic is such

that this approximation, which now might appear excessive, does

not seriously effect the final results.

C. Determination of Dynanic Parameters

Referring again to equations (1) and (2), there are two

dynamic self parameters in the ship equation, two in the water

equation, and one mutual parameter, the same one, in each equa-

tion. It is possible to determine these parameters, first by

isolating the ship and water system and treating them as separate

entities, and second by operating as a coupled system. In what

follows, it is first assumed that the experimentally determined

transfer response has °the same functional form as that predicted

by the linear theory. If this is sop by a prccess of curve
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fitting we can datcrni-ne the system parameters. Using th.ese para-

meters in the theoretical equationsl we may plot the theoretical

response of the system. This is then compared to the experimental

response on the same graph to give an inlication of the validity

of our assumption of proper "form".

1, I. 4ijnZleD.i:ce of_ ilreedom Tests

The isolated system experi:Cf.entS ceoie under the heading of

single degree of freedoi.i tests. By blocking the duct, we elirli-

natc water motion, and by blocking the ship, '!e eliminate ship

motion.

a. The ShM..tb

The isolated ship system is essentially a simple

penduluri with viscous dac..ping rotating at s--all angles around a

fixed center. Therefore, its response is well known.

_ i. .ThlC.. (Steady State)

With the duct blocke,l the ship equation I

reduces tot

J" P2 + P+l

Therefore, if we determine co, by experinont we will have J.

since we have already determined K by experiment. We can dct&:-

mine Qs by experiment. This together with os and.J. will give

the value of BS* From the experimental results of the following

section, the values of the parameters are:
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Qs = 25

Ws = 1.39 radins/sec.

Js = 2.83 x 103 ib-ft sec2

Bs radian

B = b ft.sec
s radian

Substituting these values into the above theoretical equation

gives:

.222

Theoretical 7alues of 9/)& as a function of frequency,

deterriined from the a'oove equation, are pletted on Figure 17 as

a 3olid line. Pennts shown on this figure represent experi-

rientally determined values.

Before proceeding to the determination of the dynamic para-

fteters used in the tloreticaL equation U of thl experimental

response Ifor G/Y-' , we will consider the transient theory of the

single degpree of" f-epdom system.

i. 'eg (Transient)

With the duct blocked, the ship system is

analogous to a L-R-C series electrical circuit. In view of this,

the teatsment in nIRo-Whirnery (10) in defining the system Q9t +

and 8 will be followed:

+ The attenuation constant is designated as J_ here instead of
oc as in (10) to avoid confusion with the blade angle designated
ab* Oc in other sections of this report.
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The angle ý f roll at any time -Jill be given by
9 =- 9 e -It Cos (CO t)

+..1!:re 90 is tiiae initial angle of tilt

I iz the attenuation constant

The e~ner.ý-,, in the systemu is:

1 2 -2tU s 0. Js 9o

For dampin., the negative rate of change of this

stored energy over several cycles is the average energy dissi-

pated/s ec ond;

dU !J = -2t
dt L 21

w1Lso 2U

.ow define the sys;en Qs (quality factor) as:

= { gjStored) ad___
s enrgy - WL

then 7W

The dampinr, can be described in terms of a damping de-

crement, defined as:

i = T Ts if ItTs <4 1

2rf
then 6--! T .

2Q9 8 2Qs fs Qs

showing the simple relation between 6 and Q..

In terms of the system constants, solution of the

single degree ofT freedom ship equation gives:
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B s -

- 2js ..A from before
23 2Q

S -s

and w' w - (-1 )2 L- resonant frcquoncy of damped ship
s system

SFs = W= undamped natural frequency of ship system

The now available for experimental determination

iof the single degree of freedona system parameoers and the trans-

fer response.

ii. Expe-rimen&

Two experiments were run to deturmine the re-

sponse of the tank system with the duct blocked. The first er-

periment consisted of driving the tank system sinusoidally by

means of the Stevenson Link maechanism through a range of fre-

quencies below and above resonance and recording the amplitude

of rolling in response to the forcing wave. The second experi-

iment, one which yields Pssentially the same information but

which provides a good check on results, consisted of simply tilt-

ing the tank system and recording the resulting damped sinusoidal

esc1 llhatlon. Both measurements give a measure of the natural

frequency of the tank system with and without dampingg the damp-

ing decrement, and the Q of the tank system.

Steady State Response

From the steady state response plotted on Figure 17

it is seen that the resonance occurs ats

Ts= 4.5 scconds
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This is a very sharp resonance and the value of £s =T8 =0,222T

cycles/second can be rAlied on. To obtain the corresponding

value of Q.) the most effective method is to match the experi-

mental data with the theoretical data for different values of Q,

By this method we obtain a value of:

Qs = 25

Transient Response

From the upper damped escillation curva. of

Figure 18 the following constants are determinads

TS = 4.50 seconds (average)

so WIs= Týs = 1.39
TS

6= 27.9 - 25.0 O .1&27.9

and Q. = = V 306

also c = = ' = 1.39 within experimentala1os (12error

iii. Results

From section B-1 we found experimentallys

Ks = 5.1+5 x 103 ft. lb./radian

From section C-I we haves

cs = 1.39

Q= 25

-39-
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Using these values we gett
is ::Ks - 5 45 x103 2.,-3 x 103ibfse.

(as0 - (1.39)2 radian

b 103 lb ft sea.
- -25 radian

It will bi noted that the chet-ek between transient and

steady state tests of the natural frequency of the system is

quite gooa as expe':tod. The value of Q obtained from steady

state tests is used since it is the -alue which matches most

closely with theory. This is borne :ut in other experiments as

well, Study of the tr'ansient 2ollini record clearly indicates

that, in this J:-st, B is a non-constant coefficient, This

will proba.ly be equlally true for full scale ships. Fortunately,

for high q s-st.::s such a3 this or an actual ship, variation in

B1• nhas j?!ble effect on stabilization performance. In fact,

the -,f of Part C of this report is greatly s!Liplified by as-

suming Q •s . That this s5implification has considerable

justification can be easily seen by jutting appropriate numbers

in the • " equation.

b. The JIater System

If we assune linearity, the water system is also

closely analagous to a simple pendulum. Its response will also

be of the samn well known form,

! .



1.. heory

With the ship blocked, the water equation be-

conest (p2j + -3t + Kt) = Kp

This red:ces tot

This equation ind-Icates that if we study the steady state

//CK response we ca1 ascertain the value of wp = ot and Qp = Qt"

For a low Q system such as this we can expect uore accurate

values for resonant fre;iuency from transient tests of tank water

63cillations.

From the •zperLne:tal results of the following sections,

the values of the parazeters are:

W = 1.27 radians/sec

St =0.77 lO3 lb. ft. sec. 2 /radian

Bt 5.05 x 103 lb. ft. sec./radian

Qt = 0.19
substituting these values into the above equation gives$

OC= ,39 - (f/.203) 2*j.6(/23

Theoretical values of are plotte4 as a function of fre-

qu~cy o*a Figure 19 a; a soLL41 ILnA, Points shoav oA thls fj4We

represent experimentalUy Oterniaf yaj.we,!

Sa



it is a parameter which depends on the "form" of the tank

water system. In Part A it is shown that

Tt r /2 Where T = = 2_ _

ans St = A dsarts

o

Since we already know K. if we calculate Tt we are effect-

ively calculating Jt" The calculation of S' is given in Appendix

I. From this we get 3' = 36.f ft. sot

IT 21 4.72 seconds

ii. Exoeriment&

Steady State Tests

The ship was blocked and the water osciliated

by driving the pump blades with a signal derived from the sine

wave generator. Values of and om as a function of frequency

are plotted on Figure 19. It can be seen that, due to the ex-

tremely high dynamic-head-loss coefficient of the. blades, the

value of Qt is very low. From this test the apparent frequency

of maximum oscillation amplitude ist

ft = 0.25 cycles/sec.

The system is so highly damped that it is useless to try to

deduce the "truem value of ft from this data, We will rely on

the transient tests for this.

-. q
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The value of Qt is obtained by using the value for wt ob-

tained from transient tests and then looking for a value of Qt

which best matches the experimental data. A value of: Qt = 0.19

appears to be the best match. It gives about ;he minimum inte-

grated error over the range of frequencies covored.

Transient Tests

In the first test, the pump was run at large

blade angles and then stopped a s rapidly as possible by braking

the pump motor flywheel. Under tAis condition, the water under-

goes a damped oscillation whtch can be recorded on a Brush tape

by means of the flo,,nueter. This information gi'res the natural

frequency of the water system and gives a good :.ndication of the

damping of the tanks alone, without pump action. The data tabu-

lated below wore obtained from a series of such transient tests

at different blade angles:

Experimental Data For Variation of Q'tWith Blade Angle(Ship Blocked)

OC (damping ) t? Tt
(Werees) (decreaent) (=) ( -

30 0..o46 4.9 4.9 111o

25.2 0.068 4.9 4.9 7.3

19.6 0.077 4.94 4.92 6.5

14.0 0.01 5.01 4.97 5.0

so average Tt = 4.92 seconds

or f = 0.203 cycles/sec.
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Note the variation in Qot (withuut pump action), with blade

angle due to increased throttling of the flow. Apparentlyt the

value of Qtt for the tank system without pump installed would be

something greater than 11.0, but probably not much. The great

amount of increased "effective" damping created by the dynamic

head loss of the blades when they are moving is apparent from

comparison of the Q's determined here as compared with a Qt of

0.19 from the steady state tests. -Attempts to determine, by

transient test, the damping with pump blades rotating were un-

successful. We must rely on the Qt obtained in the preceding

section to get the value of Bt.

iii. Results

ot = 1.27 radians/sec
IT = K4 w2- 771 lb.rit.se . 2

= (1.27)2 radian

S=• = ,7.1• ?I=5.05 x 10.3 lb,ft~secadaBt
= =t 019 radian

Qt = 0.19

It will be noted that the following values have been ob-

tained for TO

Theoretical Tt = 4.7 see.

Experimental T= a S 4.9 seca

These values cheek quite well consulering that the Uw-

retical value of T. was obtaie4 by an approximatioa aUthodo

'P4'
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Inspection of Figure 19 makes it quite clear that the

values indicated above for Qt and Bt are only approximate and re-

present an "average" of a sort. The lower frequency portion of the

experimental curve indicates a higher effcctive "Q". This is to

be expected since, at the lcwer frequencies, it %was necessary to

drive the pump blades to hiwher anzles. Thus, on the average,

the duet was wider open for greate:- periodis, I sulting. in a higher

apparent "Q". It is apparent that this is not a constant resist-

ance pump since Bt depends on blade angle. What uill be of in-

terest is, taking an average Qt = 0.19, can -we still predict

system performance? This remains to be shown.

2. Two Degree of Freedom Tests

Two degree of freedom tests consist of operating as a

coupled system with both the ship and the water free to oscillate

with mutual interaction.

The mutual coupling para:eter Jt is the last dynamic

parameter left to determine. It can be obtained by measuring the

so-called coupled system "secondary resonance" frequency to be

discussed below:

a. Theory

Equation (1) for the ship becomes:

(p2  .+pB + ) 0 (p 2j st -Kt) 6
where ' = 0, (i.e. self-rolling in still water.)

The right side of the above equation reduces to:

t•ft
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I where Wst Kt/Jst

Note that at a frequency ( = wstj the net force on the ship

is zero. Th!i cendii~on is referreŽd to as "secondary resonance".

A3 can be seen fio;:i the equation, it occurs ,-hen the torque on

the ship due to a static head of rater is exactly cancelled by

the torqrue on !;he ship created by the kinetic couple resulting

from acceleration of the water.

Froni te re,-Ioeulbs of Part A, it is possible to calculate ast

from:

s! •st =2 -g" 2g where S" 1 L ds

The calculation of S'1 is given 'n Ap':endix I. For the

result we have:

3S' = 11.14 ft.

I so Tst 2 2.61 sec.

i! jb. Experiment

To detr...... t ..e fIrst step -,as to establish

a standard water level (about half :ay up tanks). The ship was

then caused to roll by driving the pump with a signal derived

from the sine-wave generator. As the frequency of pump drive was

raised, a point w•as reached where the static force of the water

was counteracted exactly by its kinetic force which, in the model

system, at low frequencies, acts in the opposite sense. At this

frequency (secondary resonance) the water is oscillating vigor-

ously in the tanks but there is no detectable rolling. Actualf -+6-



dutermination of 'est a '-3e by obsc:ing the out;put of the

accalaro1!1etur which is a ':v- - :tor e ý,n.itive indication. From

this test:

Tst =2°6 seconds

so Cost -'g 2_,41 r-...1ians/soc.- st

st Kt 1, 2 3.216 x 10 b'ft see.
and Jst st (2.,.6!)2 radians

Tie value of Tst obt ... . xperi.... ntally agrees very well

with the theoretical result.

3. S:;.aryin.iD§.sc.::•.-en of Reszlts on Dna7ic Parameters

Final o f .... syz•o• ae-j"ynn1arameters

are listed below. Trhese w.-Lus ,.ill 'e used in calculating theo-

retical transfer rýsonsc.; :f tihe systc:] in following chapters.

i is = 2830 1 i ftsec' 2
radians

Bs= 157 lb.ft'sec'2a.a

Qs = 25

•s =i9 '__ansee

a~sl
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S.......... ...lZ

II 'dater J = 771 0.L92tb_! rad .ian

t= 216 radiLan

SQt = 0. 19

(t = 1.27 radiansSOC.

fit = 0.92

Mutual,
Jst~ l =16ibft'sec'2
st tad iJan

Sest =W 2.41rdln
st se.

Sfist =1.73

Determination of the ship dynamic parameters was simple,

as the ship, (with duct blocked), is a simple pendulum. Although

the damping parameter Bs is not constant, it is sufficiently un-

important to the final results so that its variation can be ne-

glected.

Dctcrmnaton of the water pairameters was a much more
difficult problem. It is clear from the results that the skin

friction damping of the tanks and duct is negligible compared to

the dynamic head loss of the pump. The parameter Bt is not

constant but varies with blade angle. Fortunately, the "effective*

damping of the water system is so high due to pump action that

the variations in Bt also become unimportant. That is to say

that, in this system, Bt does n vary over a sufficient range to

effect the final result. The effect of variation of B is clearly
it

- +8-
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shown in Part C. AL•o, to som:,e extcent, the variation of Bt is

coi-,pensated by t... .mriation in Kp. * Th~ s can be seen by studying

tile 9/oc transfer fiunction0

Determination or cost was to simplesL test of all. Consider-

ing the confusion whr,ýh has o:xi.3ted in the past about the "Kinetic

Reactij,_" phenomenon and "secondary resonance", it was most

gratifying to observe thec water oscillating vigorously in the

tanks and being able to detect , motion of the tank system at

the "secondary resonance" frequency.

D. Systeln Resoonse Stdioe; - (Controls Off

Now that we have determined the paraneters of the ship-

water sYstemi, the next step is to determine the transfer responses

indicated in section A of this ch=apter. Three experiments are in-

cluded under thi's headln:. The f'.rst is determination of the

osh-p-water response, 0. -ith • 0. The second is the deter-

raLnation of the active ship response, 0 with ; = 0. The

third is the determ!nation of' the passive ship response -- 1 with
OC = 30* and putmp not runnlng; re)presenting naximum Frahm damping.

1. T~herX

The equations for each of these cases have already

been w,,orked out and presented in dimf•nsionless form at the begin-

ning uf tids chapter. Using these equations and the experiment-

ally determined parameters we get for the transfer functions in-

volved In these three tests:
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9out KG() _ 0,036. .. i& _
K2 2(p -L) +.j (--S-.) - (8)

0 .222 .~~*222

j EquationU(D as a function of froquency is plotted as the

solid lines on Figure 20,

0 K2 K3 G2(p)G3 (p) =

1.28 -(9 fr _.L_2+jL jo 21^2 (9
.222 5.e5da" .203 o fA a

Equation (9)9 as a fT.-ction of frequency, is plotted as

solid lines on Figure 21.

0.24-2- •10)=3'J t s[l (__/_)2.. !_,_]
, , 7.222 " . 203 .3.. . ... 0.o i

Equation (10), as a function of frequency, is plotted as

the solid lines on Figure 22, It should be noted that In equa-

tion (10) the value of Qt = 3 is used, not the value of Qt= 0.19

as in other tests. The reason is because the pump blades are

open and not rotating. This value of Qt = 3 gives the best check

with the experimental data. In addition, the value of Qs = 30 in-

stead of Q. = 25 is used. The experiment corresponding to equa-

tion (10) was run during the warm summer months. APs a resultp
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the ship d nping was decreased resulting in a Qs higher than that

for previcas tests.

2. . <,rmn

7o obtain the shlp-water response Qout/1 , the ship was

driven by oscillating the pump water by means of a signal derived

from the iine-wave generator. The wave slope bar was fixed at

) 0 = 0. Ex.periLc'ntal points arc plotted on Figure 20.

To obtain the active ship response @/out 04 I the same pro-

cedure was hoilo-ved but. we measured oL instead of '. These

points are plotted on Figure 21.

To obtain--a the system is driven by the Stevenson Link

riechanism ,ith. th.e pumip blades fixed in the wide open position.

Experimental points are plotted on Figure 22.

3. Df.zc-ssion of Results

inspection of Figure 20 indicates excellent correlation

between theoretical and experimental data for = We

would e 6ouxsc vr±•-elation here since reference to equation

(6) shows that this ratio depends on constants which are known

with some precision and also on the ratio of mutual terms to

ship terms, both of which depend primarily on inertia and form,

and should be reliable.

Inspection of Figure 21 indicates what was unexpectedly close

agreement betw-reen theory and experiment for @* Re-

ferencc to equation Or) mitht lead one to expect considerable
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difficulty in correlation in view of the non-constant pump para-

meters which appear in this equation. However, the ship charac-

teristics override the tank characteristics in this system so

that non-linearity in the pump has little net effect on system

operation,

Inspection of Figure 22, showing r n, again reveals unex-

pectedly clos3 correlation between theory and experiment. In

this case of Frahm dam7ping, the system is highly sensitive to the

ratio t= so that some of the discrepancy observed may re-

sult from that.

In general, the results of these system tests, (controls off)

show unexpectedly good correlation between experiment and linear

theory and lead one to hope that actual stabilization results

may likewise be predictable. This we shall investigate in

Chapter VI.

"E. Concluding Remarks

We have established notation and derived the transfer func-

tions of the ship-tank system. Experimental determination of static

and dynamic system parameters as well as transfer characteristics

in all cases agreed well with linear theory. The crucial test of

the theory will come when'we operate with the regulated element as

part of the closed servo loop. However, before we can check over-

all performance it is necessary to have the. oquaetions governing

the regulating elements in hand. This is done in the following

chapter.
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V; STUDY OF CONTROLS : THE REGULATING ELEMENT

Referring back to the treatment of ship-stabilization as

a servo problem in Chapter III of Part A, it is seen that in

the preceding chapter wie have evaluated the factors:

B = gout = Active Ship Response
OC

SC = __!in = Passive Ship Response

It is apparent that, in order to proceed to the case of stabili-

zation, it is necessary to evaluates

A_= 04 = Controller Response

Once A is determined, the evaluation of overall stabilization

follows immediately t
Overall stabilization =A._ _•ena " •@I = _

The elements whicih comprise A are shown on Fig. 8 and

lised n Pge 2.All of theose elements are well un~drstood

devices so that their theoretical treatment will be kept to a

minimum, The primary interest here is to determine what A

actually is in this system so that we can proceed to check the

validity of the lirgarized theory. At the same time, the per-

formance of the system is also of interest. As previously

indicated, while certain necessary improvements have been maded

no attempt was made to optimize the characteristics of A* Thus,

.... what follows is a brief theoretical treatment of each eLeseat

---- --- ---



along with experimental determination of the element parameters

and transfer response. Comments are made on how each of the

elements could be improved.

We will be particularly interested in the distribution of

control Ing- among the various links in the control chain. As

indicated in Chapter V of Part A, the elements which must pro-

vide the strongest force should produce the greatest lags. If

this is not so, one should become in~rediately suspicious of the

correctness of the system design. It will be shown in this chap-

ter that this rule-of-thumb is grossly violated in the model

system set-up. A similar situation may well have caused the

difficulties in the pre-war installation on the U.S.S. Hamilton.

A. Roll Sensing Element - The Accelerometer

The desirability of using an accelerometer as the pri-ary

control signal souirce is discussed in detail in Part C of this

report. An angular accelerometer is used here. Inst Lsenit of

this type are well understood.

1. Theory

The equation of motion of the angular accelerometer is:

2- ~(-acr aBc +ac:r

where

-Tac =moment of inertia of weights

K ac constant or restoring springs

Ba, viscous damping constant

a__________________________



= angular displacement of weight relative to
ground

aac = •a a natural frequency of the accel-
erometer

e = angle of ship's roll (as before)

From above:
= 2 (p Jac+P Rac+Ka) d v

2mrac c

so 2mr 2  2mr 2  .

ps Jac+p B ac+K ac a-2 1 I

Qac = 'ac ac

Bac

2mr 2 = Ja c

S~then:

+1 (11)
ac Q )1 +L ac

where: V, = volts/radian/sec2

In this application it is often desirable to use the

transfer function e1/9 instead of el/8. For this we get:

- 55--
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From the experimental data in the following section we

have :

= 5.5 volts/degree

'ac = 6.28 radians/sec

Qac 0° 6

V putting these values into eqization 11 gives:
pA

el/4=. x I
39.7- . .. 2 +

0.6

The theoretical response of e1/e as a function of frequenc

is plotted as the solid curves on Fig. 23.
2. Experiment

A series of several tests were run on the accelero-

meter. In the test set-up, &ny motion of either the tanks

which are keyed ti the main shaft, or of the accelerometer

movable element, results in a modulated 200 cycle signal being

fed to a demodulator, amplified, and recorded.

a. Transient Tests

The purpose of the first test was to ascertain

the natural frequency of the accelerometer. (fae = wa.I2r)"

To do this, it is only necessary to remove the damping oil

dashpots, deflect the movable element, and then release it

and let it oscillate. A record of this motion is shown on

R-3 on Fig. 23. The natural period is obtained by measuring

the time between corresponding zeros. Since each horizontal

division on R-3 represents 1 second, it can easily be seen
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that Tac 1. second so f 1 cycle/sec. The damping observed

is friction damping in the menhanism.

The purpose of the second test was to adjust and measure

the total damping with oil dashpots. Damping is adjustable by

jLvarying the viscosity of the oil in the damping dashpots or by

varying the openings in the ports In the d•,nping paddles.

Several combinaLions were tried with typical results indicated

"on records R--4, R- ) aend R-6 on Figure 23. It can be seen that

with orifices closed and SAE 50 oil, the accelerometer is highly

overdamned. With SAE 30 and ports half closed it is somewhat

undcrdarr-red. With SAE 50 and the ports open the damping is
about 85%. of critical. This accelerometer is unsatisfactory

in its present form since its damping does not remain constant.

However, it is simple to readjust and this was done before con-

ducting any tests to verify regions of instability. The damping

was checked by simply deflecting the movable Pelement, releasing

it, and observing its overshoot. The result was then compared

with normalized transient curves in (11) to deduce the damping

factor.

b. Steady State Tests

The third test was designed to determine the ampli-

tude and phase response of the accelerometer with the damping

factor set at 0.84. Unfortunrtely, no means were available to

test this instrument much beyond one-half of its natural fre-

quency. However, the accelerometer is such a well-known

instrument that only a few points need be determuied,

""571--



The data for a typical test run are plotted as experimental

points on Figure 24. It is clear that, for the test showmn the

damping corresponds to about 84% of critical damping. The

anplitude data is quite poor since it is vrry difficult to

obtain smooth drive. The slightest deviations from sinusoidality

in the rolling is greatly exaggerated by th3 p multiplier of

e resulting in considerable distortion ot the recorded wave forms.

The final test made was to determine the accelerometer

transfer function constant V1 . V1 should be large for high

sensitivity, i.e., large voltage output for small accelerations.

The procedure was to roll the system with the Stevenson Link

Mechanism, recording amplitude and frequency of roll and the

corresponding voltage output of the accelerometer's moving coil

system. As a check, this experiment was run at three different

frequencies. Prior to making the steady state tests, the value

of the damping factor was redetermined from step function tests

and found to be 0.6. Thus QaO = 1/t.2 for the following calcu-

lations. The transfer function of the accelerometer is given

in equation 12. VI is a real constant which we wish to deter-

mine* From equation 12s

22
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Therefore, if we know Qac' mac' 9, and e8 at a given frequency

we can obtain V1 . The data for this test are tabulated belows

Frequency I f 2 f 2I+fg_+ret(cyc/sec) Qa ,-Q•c " Degree

.183 1.2 .187 .0335 .978 5.15

.1515 1.2 .130 .0230 .985 5.66

.220 1.2 .2+2 .0485 .968 _4.8

o12v f = jf since c = 1 cycle/secondNote that P/O•ac 21 i- I- fac

It will be noted that at a frequency of 0.22 cycles/second,

2corresponding to 6= 20.75 degrees/sec of the ship, the value

of V1 is below its lower frequency values. This indicates

limiting in the bucking coil system due to moving too far out

of the magnet poles. From this we can estimate that the accel-

erometer voltage output is linear with acceleration up to

- 20 degrees/sec2, above which limiting occurs in the moving

coil system.

Final data on the accelerometer characteristics are indi-

cated below:

Natural frequency I 1 cycle/second

Damping factor 1 = 0.84

zqe = 0.6

Phase LaR = 100"/cycle/sec/up to 1/2 cycles/see.
(nearly linear)

V . = 5.5 volts/degree (averqe)



I
The most obvious deficiency in this accelerometer is its

lack of constant damping. This condition need not and should

not be tolerated in future installationr. Both the choice of

natural frequency and damping will determine the phase lag

introduced by the accelerometer. Theoretically, one is con-

cerned with obtaining minimum phase lag commensurate with ade-

quate sensitivity. Practical considerations of mounting an

accelerometer on a' ship's hull must be cdrefully considered.

Compro7-ises may be necessary to maintain acceptable signal to

noise ratios fron the accelerometer output. For instance, on

the U.S.S.Peregrine, linear accelerometers were used. These

were separated by almost the entire ship's beam to get increased

sensitivity. Unfortunately, the hull vibrations at opposite

sides of the ship were not of equal amplitudef neither were

they in phase. This resulted in an unbalanced "noise" signal

from the accelerometers. Instruments of this type should be

designed with the particular application in mind. A vital

point should be kept firmly in mind for any further work with

model systems. It is necessary to scale the parameters of

the control elements as well as those of the ship and tanks

to obtain useful answers on stability and performance.

B. The Servo-Amplifier

In this system, the control amplifier is an electronie

device. As suohl it is probably the '.east expensive and most
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flexible of many possible amplifying devices. It suffers from

the poor inherent reliability of most existing electronics

systew.s and tUerefore is not necessarily an ideal choice for

thic pui:'pO5O.

1. Theory

The low frequiency response characteristics of the servo-

amplifier are entirely determined by the differentiating circuits.

SOn-ly the differentiator b-*@ is ever used. If 9 alone is used.

the response of the system is a constant depending on the gain

settings only. Regardless of how much of the derivative control

is u~ed, the frequency characteristic of the last stages of the

amplifier operati.ng around the 200 cycle carrier is also a con-

stant independent of the setting of the gain controls. Therefore,

the only transfer function which need be developed analytically

is that of the differentiating transformer. Of interest is
eout._

, the ratio of output voltage to input voltage as a function
"ein
of frequency.

Referring to the schematic diagram on Figure 25, the

differential equations for a differentiating transformer circuit

are:

R1 i1 + p L 11 - p Mi 2 =ei

R2 12 + p L2 12 - p Mil =0
By algebraic manipulation we gets

eout R2 pM
"in RR 1 -p (RlL2 +÷Ll) + P2  L2  " 2' )
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from this we gets

out -2

ein 42RI/M + R1L2 4 R2 LI + p (L11-2 -M4)

p M4 1

Now observe that this equation has the identical functional

form of the ratio of voltage output across a resistor in a series

circuit consisting of R's, L's, C's to an input voltage. In such

a series circuit we get:

eouout const. I
e in " R + pL :i -I_

PC
b%, analogy:

C = M/R R

L = L1L2 -M2

R = R1 L2 +R2LI

M
so CJ = .I 1

Q 1= L = IR2(LlL2 _M
2)

R R1L

using these relations we gets

! -- ' •I.- -- K9= (P) (13)

+IIn L L here OL L
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Therefore, the actual nmnli~ier t.•-•.f', fi,-*i n j
10

e2 P
e = KsGs(p) = K8 + K9 " •L_, (i1)

() 2 + QL 1L 9 L

It should be noted that at very low freiuencier and large

values of M, the transfer function eout is identical in form

to that obtained from the simple e -L equivalent circuit

shown on Figure 25. The R-L circuit is a wrell-ka-.on differ-

entiator so the action of the transformer coupling at low fre-

quencies saould be identical.

Terman, in his 3rd edition of "Radio I;gineering", p. 21+6,

shows the expected gain variation and phase shift of such a

coupled circuit. This plot is reproduced s hematically on

Figure 25. It indicates that at the low fr:quency end of the

spectvum the amplitude ratio varies at 6db/cctave and the

phase lead approaches 900.

2. Experiment

Both K8 and K9 are variable gain controls. 18

governs the magnitude of the Osignal. K9 governs the magni-

tude of the e signal. It is necessary to 1mow the gain corres-

ponding to each setting of these controls. For X8 this is

done by simply measuring output/input ratios for different

values of the econtrol. Results of this test are plotted an

Figure 26. It can be seen that the variation of K8 is ess~-

tially linear, For future use, O8 : 0 z A ps.n c~ntrol

setting.
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From the previous section, with the 9 control set at zero:

K9 e2  • (L 4L (Lel •P

It is therefore necessary to modify the voltage ratios

measured by the frequency characteristic of the differentia-

tors before arriving at a true value for K Actually, in

addition to the frequency characteristic of the differentiator

circuit, there is a frequency characteristic introduced by the

input demodulator filter which is not negligible. These

corrections are obtained from data presented in the following

paragraphs. The test runs were made at two different frequencies

for check purposes. The data used to make the corrections are:

SfL = 4.3 cycles/sec.

QL = 0.35

= 0.82 = factor by which K must be reduced due
0.5 to demodulator fi ter response at 0.5

0.5 cycles/see.

S= 0.98 =factor by which Ko must be reduced due
0 0 to demodulator ft per response at 0.82cycles/sec.

8 b

So X (0.5 cycles/sec) e z 0.82 x I Lii%.I = 8.86 2

IL i!!Jq(0.82 oycles/sec)rn2 0.9,8 x+3o
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These were the multiplying factors used in determining the

values of K9, plotted on Figure 27.

Inspection of Figure 27 indicates that the K 9 variations

determined at two diff....rert freenciez sntially paral-

lel and linear but w:ith a fixed separation. This discrepancy

can be attributed to the d!ifieulty of neas'ring the e 2 /eI ratio

due to noise signals in the amplifier d'strtjng the wave forms

and making reading difficult. An average between the two sets

of points represents a reasonable indication of actual perfor-

mance tiad this will be used in future work. From this average

we get:

f 9 = 0.865 x 4 gain control setting

We n. .. have the gain constants K8 and "K9, both of which

depend on variable front panel gain contro!- , The gain constant

K10 of the section of the amplifier which operates at the 200

cycle level is fixed once certain internal gain controls have

been adjusted properly. This constant ilhowever, vary

depending on whether the additional amplifier stage shown on

Figure 5 is switched in or out.

The average value of K1 0 is:

K = 66 with extra amplifier out

The gain of the extra amplifier is 11.1.. Therefores

KIO : 66 x 4. = 290 with extra amplifier In.

-66-



Now all that remains is to determine the response of the

differentiating transformer and the input demodulator low-pass

filter and fron this determine Q, and oj.

The res-unse of the inrut inrolulator filter i- plotted on

Figure P8. In order to obtain this response it was nocessary to

ii ' I compare its action with that of the test demodulators described

previous'ly in thls xeport and then correct for the 'mown response

of the test demodulators.

The overall response from amplifier input through the first

differentiator was next obtained. Tho data are plotted on Fig-

ure 29. In order to obtain the actual differentiator response

it is necessary to correct for the action of the inrut demodu-

later filter. These corrections are obtained from Figure 28.

The resulting response of the differentiator alone is also shown

on Figure -29. Thc-efore. from the lata on the differentiator

alone, we determine

fL = 4.3 cycles/second

The value of Qi is estimated at 0.35 from comparing the

curie of amplitude response of the diffprentiator to norLralized

data in Terman's "Radio Engineer's Handbook," page 140.

Thus the final data on the servo-amplifiler aret

S= 2 f = 27 radians/see. K9 = 0.865 x 5-gain control setting

= 0.35 KIO = 66 without extra amplifier

K8 - .095 x 0 gain control KIO = 290 with extra amplifier
setting
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A few more -cr- will be said ibout the servo amplifier.

rThe use of differcr.-'ýtors to avance phase of control to com-

ipensate for system r'hase lags is no longur widespread. What

is acttally wainte'd 4s in equnlIzer-amplifier In which the

7esnorse as a Linuct:- n of froquency i controlled in a prescribed

-rcnntmr baised on the s::-. ý.n characteristics "if the other control

elements, and of t Fn ship-tank 3ystem. Furthermore, it is

[ certainly possible c-nstrnict an aneplifier %hich is not as

t:'oubled by extra1e•-:- signals or as lift'ficult to adjust.

C. S&-rvo-Motor

I 1. Theory

The motor Is two-phase Induction motor ,ith a high

resisurace rotor. If -,.e assu!-e t.'at its "1.tonut torque is a

linear fu/nction of i' Input voltage, then:

Toý'rque P Bp~~~ ... +J BmA

:here =total inertia f motor .. cluding gear train

Bm = totsl friction resistance on motor shaft

,,• = angle of rotation of rotor

now = (xi . const.) since, due to gearing, the
vert•fical displacement of the valve rack is
directly proportional toA.

Also Torque = const. (e;) (since to-'ue is proportional to
volts)

so X /e = tant

nLo: define wo = BM/J= and io =

noSI



In, order to obtair ie closed loop trnr.sfer function

r .(I ve need only appLy the standard feed back amplifier

approach, Ie.:

e3 - - v2X

X --/. K K-G6 (p)

x I
then

ax V2 K:1o K 6 G((p

_ 1 K 1 oK 6G 6 (p)
sIso -- 1 , Ir6 P

l~ K KG K&

KIOK6 K10K6

+ V2KoK6 (K :( ) + K10 K6

2 IOK6 wp 7(r) )P L + / •flo+

1/V2  - K6= 6 (p) (16)

+•m (M "M •

where Q = _____

-"V2 Ki ~ K6  ' /72

j = 1

O Q- 68o
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From the form of equation (16), it is clear that the Q of

the closed -.otcr loop depends on tne loop gai,n as expected.

Also the "natural" frequcncy of th.,, r....tor is ,zuitiplied by a

factor dependent on gain which detzrmines -he actual resonance.

2 . Exneritent

The S.rvo-,iotor was th obJee- of c,:nsilerable

attention becrcuee of instribility on the >c-sed loot defined by

K6G 6 (p) The resulting oscillations were rprticularly trouble-

sone Thern atter~ts were made to check transfer characteristics

of valve versus pistor, blade angle .Cersus- zater, and all other

tests which depended on P smooth sinusoidnhl -salve drive. The

instability v:a s reioved by the addition of f--n eddy current

damping -heel on the motor shaft.

i, OOn' _2 T ransient 2es1ts

A tyciv~l open loop steS ..... on response of

position vs. time for the modified motor is shoi:n on the lower

record of Figure 30. The upper record shoý- same response

for the unmodified servo-motor. It is appar-rnt that the motor

time constant, To, has been reduced fron! its original value,

meaning that wo = l/To has increased. Since co = Bm/Jm, this

means the motor damping was increased more..e than its inertia.

The data for the open loop determination of TO derived from

Figure 30 are plotted on Figure 31. From this plot, a good

value of the "true" unsaturated time constant is:

To :0.07 seconds,

69-



This value is not hc.w.ever cbtainr.c n :Tn jial prosent pracTice

due to yey raLq•d saturation of the servo--inr.tor '2 hic affect

shows up vividly in the followln: test.

ii. Closed Loon Tramnsient Tests

A..ther way ....fr the ti:ne co.nstant

A of t'i .:)tor is to e,,rfor-:a los,• 
4

j•, -te T. furicti-fn trarnient

tests. From the *.;ao- ,b'ained I:L nhese ;ects it is possible,

by cdAng-actual cur-•e'% ta _.-j_-.-_s iri (11), -to obtain a fair

value zf the motor tine _onstant. Typical Iata of this type are

show.n -,n the low,,er five records -, FiIVuz-e •2. These records

were each obtained in exactly the ,3=-_ but w,,ith one signifi-

cant_ fererce . The deflection .f the -!.lve from zero is

differ•nt in each oZest I:te th1 aarresponiing d fero',jes in

tine c,.-stants obt&ined as zrai-:T;2 b-.l't aeah record. With

large .-slve deflect -ns and ca):.les: 3dllriy large voltage out-

put fro:: the feed selsyr, t!te re.tor is much over-saturated,

i.e. torque (const. x volts). With small deflections , the

motor is less saturated and the zi7.e constant approaches its

open Icop unsaturated value. It••I inw.rtant to note that even

for val-e motions less than 0.1 inThes the motor is saturated.

This indicates that in operation, this particular motor is

almost ways saturated.

iii. Closed Loop Steady-State Tests

The next step was to perform closed loop

tests of the servo motor to deternmne its overall response.
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Data from a of three typical tests rire plotted on Fig-

ure 33. From thc d;-ata sio.'n on Figure 33, depending on ampli-

tule of valve 2 )tiorn, vailues- of To obL.ircd ,iffer by ovwir 50%.

Thus again we see the effcct of saturation due to lar'rge valve

motions. The D'l pra2,-szre seems to introdAiee a neg;otlve cappc-

ity loading. TiLs is evide;c1 by the fact tIihet wi !rh :o voltage

on th? notDr; t-e vc.Ive tends to ,eci]_', t. in the direction of

ýtn initial displaceefft. The loop can be stable with oil press-

ure off but beccma instable with it on.

iv. Open Loop Steady-State Tests

It is neces.-.ry to try to pin things deown a

little more at this point. In this connection an open loop

steady-state test wo. run an the motor. Data from this test

?re plotted on Fi7-ire -4. Far this test the amplifier w:as in,

oil -res-ure off end t'-e selsyn ,.'ns o-it of the loop. The motor

tine constant is obt;aired by determininq the frequency corres-

ponding to 1350 phase lag. At this point ou = w o So, from

Figure 34:

WO= 2r x 0.9 = 6.6E radians/sec

so T -= 0,177 seconds

This figure agrees pretty well with those obtained in closed

.,loop transient tests. The main interest is the functional

form of the open loop response. An "ideal" servo of this type

would never exceed 180° phase lag. This servo is up to 202*

lag at 4 cycles/sec. The ad..itional phase lag due to either
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sticking, back lash, or some oLher nmn-linear phenomenon is

what caused the motor to oscillate in the first place. Evi-

dently, the eddy current damper hns done some good. However,

it is obvious that this servo--nmotor is not adequate for the

desi--ned pu'rpose. Either a new motor or some other device

perfor,.in the s.!,o fu!iction would be ner'ded.

.v. De);eri1na•ion of Selsyn Constant, V2

The valve feed back selsyn constar'-, V2 (volts/inch),

was obtained by fceding a constant signal into the amplifier

prolucing a constant voltage into the closed loon described

by K6 06 (p). Due to this signail, the valve was deflected by an

.amount proportional to the setting of the valve gain control.

The var'atiin of valve position versus valve control setting for

a gi,7n input signal was determined. These data are plotted on

Figure 35. From Figure 3.5 we get:

V2 = i DJ.69 x Valve gain control sptting

vi. Final Results

From the above section we know the value of V2

unequivocally. Similarly, from amplifier tests %,e know the

value of K10 both with the extra amplifier in and with it out.

There are two constants of the motor cuo and K6, which have not

yet been determined in a clear-cut fashion. We can obtain K6

fro,i the closed loop steariy state tests from the relation:

2'a = 1.29 x 10-4
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The amplifier gain %!as reduced to improve stability since

the data plotted on Figure 33 were taken. With present para-

meters:

fm = "0.55 cycles/see (amplifier in - valve gain
setting at i+)

fm = 0.280 cycioz/sec (aplifi..r. out - valve gainse'tting at •

so V2 = I + .69(6) = 3.76 volts/inch

and Qm = 0.376 (amplifier in)

= 0.179 (arp!pfier out)

then Wo = i2lrfm = 6.28 x 015 7.6 radians/sec (am lifier
Q0:376 =76rdassc(•m n

6.28 x 0179 0 radians/s5c (amplifier
out)

It is 3ppa.-ent 'h!t the motor is still saturating,

alt'ough not a:3 -much as before. For Si,.rlicity, we ,ill assume

en average cc = 8 radiacs/sec in fut ire calculations. This

should not make the calculated results far fron. reality.

Below are the final values used for the servo motor:

wo = 8 radians/see.

K6 = 1.29 x 10

V2 = I - 0.69 x valve gain control setting (volts/inch)

Qm --J571 x V2 with extra amplifier in

= Ov0.00-V x V2 with extra amplifier out

Sm = Qm 'WO

" K6 - V 2 inches/volt

K1 0 = 290 with extra amplifier in

= 66 with extra amplifier out
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Due to saturation, the mtor is the weakest link in this

control system. It introduceS phase lags far in excess of what

cDuld be expected from such i ievice for the frequency range and

power level covered. Beca'2.sL -f this saturation, it is diffi-

cult to pin down the motor para-:eters to values that can be

fully trusted. Fortunately, -he final results do check fairly

well indLcating that the valoes *f the parameters listed above

are not too far off. Certai:.y, hol'ever, some of the fiscrepancy
in the final results is due t: the above approximations. Going

a'ead a bit to Chapter VI, it is seen that this servo-m-ýotor is

pr--%iding mot of the phase l'g of the system. Clearly then it

is violating tha concept of "-:ntro.L difficulty factor" out-

lined in Chepter V of Part A.

D. Hydraulic Amnlifier

The positioning motor use- in the model system i a hydraul--

ic device. One would expect that this system component ..:ould,

due to its mass, introduce the greatest phase lags int3 the

system. As will be seen, in the model system, such is not the

case,

1. Theory

SI In this hydraulic oll system, the linear motion of a

valve opens high pressure ports causing pressure to be put on

a piston driving it in such a direction as to tend to close

the ports. For this particular system, it can be assumed

II
I.I
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that the velocity cf the piston is proportional to the dis-

placement of the ve1ve, i.e. the amomnt of valve opeihing.

Thus we can say that:

k3 = X2 x c:nst. (Refer to Figure 8)

but X2 =X - X3

so X 3 = (Xl -X 3 ) const.

and (p + const.) X3 = X1 . Const.

so 1 K7:7on. (P) (17)

Vlote that if --h-e constant is large (very high pressure)

this response function will be quite flat to appreciable

frequencies.

Since the hydraulic amplifier is not a resonant system,

there is not rmuch tD be gained in normalizing its frequency

scale.

From the exper.iments disclissed in the next section iie get:

K7 = 78.8 rsdians/sec

Substituting this in the above equation gives:

XX 78.8

Values for X3/X1 as a function of frequency are plotted as

the solid curve on Figure 36. The points shovwn on Figure 36

were determined by experiment.

2. Erxneriment

Determination of K7 in effect determines the entire

transfer characteristic of the hydraulic amplifier. It turns
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out, however, that this constant is so large that at the high-

est frequency at which we can drive the system, the ratio X3/X1

has dropped only about 10%. In order to determine Y-7 accurately

it would have been desirable to reach at least the point at

which I PI = K7 . Ho:ever, the estimate below should be useful

anyway.

In making this test, the valve is driven sinusoidally by

the servo-amplifier 'hich is fed by the sine wave generator.

The output of the feed-back selsyn ge3red to the valve gives

valve position. The output of a selsyn linked to the blade

angle shifting shaft gives hydraulic piston position. Both

signals are fed to the Brush recorder and the relative amp-

litudes and phases are determined. The resultant data are

plotted as experimental points on Figure 36.

In order to esti-ate K7 from the data we have:

rf X7 =I;-3~ so X C
Using this relation at the three highest frequencies we gets

(.901)2 (2= z7.2) 84.0 at 7.2 cycles/seC.

similarly ý7 = 75.2 radians/sec at 6.1 cycles/see°

K7 = 77.4 radians/see at 4,33 cycles/see.

SO 07 = 78.8 radians/sec. (average)

With this hih value of X7 vc can certainly assmm tint

thI7,()rso"i c-7'-n vr b nie at t
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frequencies at which the ship rolls to appreciable angles (all

below 0.5 cycles/second). The phase data for the amplifier is

not plotted for two reasonst First, the phase lag is essentially

zero -well above the highest frequency of ship r'olling. Second,

the amplitude of valve motion due to the driving motor response

dropring off at high frequencies is so small, that data are

extremely difficult to get. It is estimated that at the highest

frequencies used (7.2 cycles/sec.) the maximum phase lag is 100

+5.

From these data alone it is apparent tIhat the hydraulic

blade control, from the frequency response viewpoint, is actually

the strongest link in the chain of serv--components. Two

things are not in its favor however. The first is that at high

frequencies and large valve motions the oil pressure drops radi-

cally with a resultant decrease in performance. This is actually

due, however, to an inadequate pump and should not rightly be

charged against the hydraulic amplifier. Provision of a pump

with greeter capacity would eliminate this undesirable charac-

teristic. There is a second effect in connection with the

hydraulic amplifier which is not predicted by the theory out-

lined but which definitely effects the system operation. It

has been observed that if the rack linking the control valve
to the coctrol motor is removed, leaving the valve um Ule4

to anything but the bydraulle piston, the valve uavirgoes a

relaxatioa type of osot1lation, ie., the valY e falls slowly

4
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dae to its own veight and then some unbalanced pressure snaps

it back up again. With the valve rack in place and the system

together again, this oscillation is not observed due to the

heavy load or the gearing, motor nnd selsyn on the rack. That

this oscillation effects system pe'rornce is evidenced by the

closed loop response test-c of the motor, with and without oil

pressure on, plotted in the previol:s section. The cause of the

effect is undoubtedly sou:e unbalance in the hydraulic system.

This was not investigated since it represented but one of many

interesting side effects not direct!.- related to the primary

purpose of the rrogram.
It shouild be noted that the uunits of K7 are in radians/sec.

From its average value of 78.8 it can be estimated that the

hydraulic amplifier responrs will be do;.n 2 db at a freq1uency:

f = 788 =2.55 cycles/sec.

From the data obtained this seems to be a reasonable figure.

The hydraulic power ar:plifier frequency response charac-

teristic is worth a second look. It is the control element

which is providing the major source of control energy to the

system and yet it introduces negligible phase lag. It is

true that the particular hydraulic amplifier used vith the

model system does introduce problems. On the other hand, It

should be clear that a main-power element can be obtained

with similar frequency response characteristics but without

the associated difficulties encountered wi'th this particular

device.



I r . ...

E. Concluding Remar~ks

We have dterrilned what we set out to do; namely the para-

meters and th:e frequency response characteristics of the con-

trol olements. No attempt was made to improve on these ele-

rmnts, although in each case maj',r areas of improvements were

obvious. It v.-; escertained that the r3ain power producing

element, {he hydraulic amplifier, introduced considerably less

control lag then either the accelerometer or the servo motor.

This state of affairs obviously represents poor design, since,

in the ordinary case, one would expect to be able to design a
system in which most of the leg vas concentrated in the element
doing the most. ,ork. In Chapter V of Part A, in the section

on "Difficult-.- Factor", it is stated that in a ship stabili-

zation syste-. d:e to the low freqau•:cies involved, the burden

on the controls s_.ould not be especially great. This is clearly

borne out in these model control tests, since the main control

power element irtrodueas negligible phase lag in the system.

With proper design, the other control elements would introduce

even less,

Two important practical conclusions can be drawn from the

experimental results of this chapter. First, it should be

possible to obtain a control system for even full scale ships

"which will introduce small, if not negligible control lags.

Second, hydraulic power amplifiers are strong contenders fur

the roloe o the nain positioning element.
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VI. STUDY OF OVERALL SYSTEM

The preceding two chapters have been concerned with a

study of the regulated element and the regulating elements byI, themselves. It is nov. time to link the tio tgether into a

unified system and inveztgate overall systtlnr behavior. In

connection with system behavior, ,.e are primzarily concerned with

two things:

A - Performance

B - Stability

Both 3f these items vill be covered in succeeding sections.

A. Fer'formance

t. S tad State Theory

The stabilized rolling response of the ,'ystem to an

input wave slope ? can be derived from equations 1 and 2 plus

a kno.-n relation between the pump blade angle oK and the roll

I acceleration 0. We will treat the ideal zero time leg case

where: A4 = KpCKc. Xis a gain parameter only and is not a

function of frequency. This relation indicates that the pumo

blade angle varies directly as the control signal as thoug&

there were a perfect amplifier in between.

For this case we gets

40



-- =2 2 2 2

-+ ( ) +1-At + l +P I[ ) +11 (18)"S Ltst QIIst

where K = A/JS

I The values of all rarameters but A have been previously

determined. To obtain A we must go ahead a bit to the experi-

mental data and choose ar oxperimental value forle/,?jwhich

.1fits ell with surrou -_... data. UsingIG/rI= 0.162 at

f = 0.2 cycles/sec. we solve for A and get:

it 235,400 lb.ft.sec.
radian

This value of X is used to calculate the zero time lag approx-

H imation from the following equation:

0.242[1-( 2f + f

fI - f f¾~ -(~ 2 2_257.f1-{ 3 f~
JIrj.-loj 03-j9r - .2311

I l~esults of this calculation are plotted as a solid line

on Figure 37.I)
I)
I)

I .- 81-



It is already known that there is lag in the control loop.

Between the actual " signil and Octhere is the accelcron:etsr,

the servo-anplifier, the ;ervo-motor and the hydraulic anpii-

fier. Since the expe-iment which is being used to check the

results used only 9 control and no 1 control, the ser-zo-aspui-

fier introduces no frequency charactcristic. Also, :e have

SsZen that the hydraulic Tml-fier has a response which is essen-

tially constant over the range of rolling frequencies. There-

fore, we need only allow for corrections introduced by the trans-

fer functions K4 G4(p) and K6G6 (p) of accelerometer and servo-

!7:tor respectively.

It will be noted from equation (18) that the stabilization

term is:
2

P2 K [( pt) + 1]

Now in order to take into account the control lags, this term

becomes:
2  p 2

p K[KLGi(P)][K6 G 6 (P)] (?-) + 1]

where K4G4(p) = - 5.5

? 4 11.3f

0.266
and K6 G6 (p) 1 f l+ f

,It is necessary to recompute )k by the same process as before.

FOr this we get,*
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3030lb ft.sec.2
radian

The modified dat& in-1uliing actual control I-gq- are also

plotted as a solid ! ne on Figure 37.

2. Steady Stats Evueriments

The systeno was driven over a range of frequencies with

S= 20, @" = 0. The stabilized ratio A/Y-iwas measured. These

data are plotted as experimental points or. Figure 37.

Following this est, at each frequeoncy, the 9 and " con-

trols were varied to rifi`nize the rolling. The results of

this experiment sh~w that, oer the entire range of driving

frequencies, (0.1 to 0.31 cycles/sec) it was possible at each

frequency to reduce the roll to a minimum of approximately:

I 9YI I0.162

3. Transient Tests

A series of transient stabilization and de-stabili-

zation tests were run on the system to get some idea of how

quickly the tanks could take hold. Records of a representative

group of these tests are shown on Figure 38 for different

combinations of 8 and 9 control amplifier settings. For the

de-stabilizrition tests, the phase of the control was simply

reversed 1800 by a switch and a slight motion i:'parted to the

system. The rapid build up in system oscillation is shown on

the upper two record; of Figiure 38. For the stabilization

tests, the system was driven by hand to large amplitude
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oscillations with the controls switched on suddenly at the

time noted. The results are apparent. An unstabilized damp-

ing decrement record is included for comparison purposes. In

addition, on Figure 38, an indication is given of the effect

of Frahm action alone in damping the systeml's free oscillation.

1+. Results

The results of these tests ere very gratifying. First,

to give 3 better perspective of steady state performance, Fig-

ure 39 shows in one place the rolling of the unstabilized ship

(blocked duct), the rolling with Frahm action (pump blades

open, pump motor off), the stabilized rolling for one fixed
setting of the e and Q controls, and the stabilized rolling

resulting frori orti';iizinrg G and 9 controls at each frequency.

it is clear, thvt with sLabilization, for this particular sys-

tem, it is possible to reduce the tundamped rolling to about

16/ of the forcing wave slope. For this particular system with

a = 25, the rolling at resonance is reduced to about 2.4%

of its unstabilized yalue. It should be clear that the per-

centage reduction in rolling at resonance is a poor crite'ion

for stabilization performance. Actually, this percentage is

directly proportional to Q. which may vary over a considerable

range, even for a given ship, depending on sea, v:eather, and

loading conditions. The ratio 9/1Y (stabilized) is relatively

insensitive to changes in qs. This ratio therefore has &reater

significance in the specification of performance Now, getting



/I

}-I
back to Figure 37, it should first be noted that the amplitude

scale is much expanded over that shown on Figure 39 so that

what looks lik;e a high peak of roll amplitude is still actually

Iuite small. Figuro. 37 clearly indicates that the control lags

are relatively unimportant up to 0.2 cycles/second but that above

that frequency they adversely effect stabilization performance.

Considering the 7any factors which might tend to cause experi-

mcnt to,-viate from theory, the correlation is quite close.

This is particulorly true when it is remembered that the theo-

retical transfer responses (only experimentpl parameters used)

ore being used to determine control lags, not actual transfer

responses detair: ned by experiment. It is clear from Figure

37 that it is possible, vwith the pjhase ?djustments on the

control amplifier, to compensate, at each frequency, for the

control las t hlch are deleterious to system perfornance.

Adjustment of the controls at each frequency, enabled us to

provide sufficient phase lead to co npensate for these delet-

erious lags so that, as expected, the experimental points

followed the zero phase lag theoretical curve more closely.

Not much need be said of the transient rolling records

of Figure 39. It is apparent that the setting of the 0 and

9 controls has an important effect on system performance. It

should be noted that the goal of an efficient stabilization

system is not necessarily dead beat damping of a ship which

has been forced to roll at its natural frequency. Although

this could probably be obtained, it vculd be at the price of

- 85 -



H ......o-.. ....

greatly excessive weight of stabilizing fluid. Of greater int-

erest may be a system which will reduce the usual range of

rolling at sea to a minimum. This crn be done with much less

weight of stabilizing fluid, and while it may be incapable of

handiiig all possible wave conditions, it will represent a

ti uch more efficiently used system. This question has buen dis-

cussed somewhat in Chapter V of Part A and will be discussed

further in Part D.

B. Stability

Referring to Figure 8 which shows a transfer function

block diagram of the system, it is possible to calculate the

open loop response of the system and determine theoretically

the regions of stability and instability as a function of the

different control gain settings. This open loop response is

obtained by multiplying the follow-ng transfer ratios as

indicated t

e1 . e2 . XI . X3 . sout @out
e1 e2 x1 x3

@out

The calculations to determine - for important combina-

tions of the useful ranges of all gain controls have been

made. Since these represent a huge mass of data, no attempt

will be made to reproduce the data in this report nor will all

of the resulting performance curves be shown. Instead, three

representative Nyquist diagram plots showing the effect-of
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variation of tihe different control gain parameters are included.

Figure )1e shows the effect of varying the valve (feed back

selsyn) gain control for fixed values of other gain parameters.

It can be seen that with the valve control set at 2 the system

iwill be unstable since the -1.0 point is encircled. At valve

control settings of 6 and 10 the system is stable but would be

highly oscl1latory, -.-

Figure 41 show:s the effect of switching in the extra ampli-

fier stage in the servo-amplifier for fixed setting of all other

controls. The effect here is mostly one of increased gain but

the phasing is also changed somewhat.

Figure +2 shows the effect of different.comTbinations of

0 and 0 controls. It is apparent that addition of G control

makes the system more stable by reducing the phase lag in the

closed control loop.

Due to shortage of tine, it was not possible to run open

loop tests of the sy:stem to obtain experimental points on some

of the theoretical Nyquist diagram plots. It was possible to

observe qualitatively, from closed loop performancep that for

certain settings of the 5 and 9 controls, reducing the valve

control to lower numerical values reduced the system's stability

and could introduce self oscillation. Likewise, increasing

the e control could restore the system from an unstable os-

cillation to stable control.
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I The importznce of such Nyluist diagrams lies in connection

I with the design of future systems. Diagrams such as these, or

Bode diagrri, or any phase/oriplitude versus frequency plot

which indicates the ';ehavior o2 the sys tem and its components

will enable a rational approach to 4esign of a stable system.

i C. Concliidlln. Rot;arks

- In this chapter we have considered the i-roblers o-f per-

formance and stability. It was showni that the performance

Sindicated rather re-arkable agreement betveen experiment and

linear theory.

The word remarkahle is appropriate when one considers

the n=umber of parameters whose values had to be "approxiniated".

This indicates that the parameter vwllies which are non-constant,

such as Bs, Bt, Kp, ;re not "critical". This is borne out fur-

ther in Part C. Thor) parameters, such as wsty 13s 1t9 etc.,

which do have appreciable effect on pnrfor-.ance when changed,

fortunptely all tend to remain fairly constant in actual prac-

tice.

Perhaps as remarkable is the overall roll reduction vs.

frequency performance of the system. It is certainly clear

that in almost every aspect the system could be considerably

improved. From the results of this chapter it is evident

that control lags are the worst enemies of the stabilization

process. Tht;_e should be avoided by all means.
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Stability considertior Ds are a rlust in any servo problem.

This is no exception. It was stability vhich ruined the pre-
I, war efforts of Minorsky at tho very point of fruition. In

1940, the tools to study this problem were either not avail-

I able or unknow-n. Today they ar-3 available and are known. No

1- servo system can be used if it is unstable. Therefore, stabil-

IIty is our first criterion. Stability is necessary in any

servo, alone it is not sufficient. Stability and high per-

for'nance together are both necessary and sufficient.
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VII. SUM4ARY AND CONCLUSIONS

The primary purposc of this study was to check the validity

of a linearized theory for the behavior of a ship system stabil-

ized against rolling by octivated tanks of the .'inorslky type,

where activation is effected by a variable-pitch. propellor

pump. To chock this theory, there -:as available a 5-ton model

system which, neglectinZ coupling to other degrees of freedom.,

was essentially equivalent to a ship rolling in waves.
It was necessary to develop special instrurentation to

conduct the required experinents. This was done, and the final

c)rrelation obtained between theory and experinent have made

the time ond effort expended on instrumentation problems well

worth while.

The parameters of the ship-tanl, coupled system were care-

fully determined. The ship parameters, with the exception of

Bs, are constants as expected. B shows some dpendence on
roll angle. However, this variation of Bs is negligible since

BS is small and is a relatively unimportant parameter in the

I stabilization process. The tank water static parameter Kt is

straight forward as is the dynamic parameter, Jr. Both depend

on geometry and mass alone. As expected, Bt is not a constant

coefficient. The contribution to Bt by skin friction in the

tanks w'as shown to be negligible compared to the contribution

of the pump dynamit head loss coefficient. Thzs, Bt varies

rapidly with blade cngle. Frota this, one might be led to
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expect significantly non-linear transfer response action. This,

fortiuately, does not turn out to be the case. Referring to

equations 7 and 71, it is soon that, since Qt is small, we may

expect i/1 to be proportional to the ratio of Pt except at

very low or very high frequencies. Both quantities vary Aith

blade angle and in tle same direction. That is, as Kp increases

so does Bt and vice versa. Thus, variations in Kp and Bt tend

to cancel each other.

Experi-ental transfer responses of individual isolated

elements of the ship-tank system checked quite %ell with the

responses calculated from the linear theory. In particular,

the pump blade angle to tank water angle response was consid-
erably closer to the theoretical response thtn was exrpected.

Tests vere made of the system both without and with con-

trols. The close agreement obtained between experiment and

linear theory was entirely welcome. There are probably sev-

eral reasons for this. One good reason is that the tank water

system is such a low Q (highly damped) system that even rela-

tively large variation of Bt and Kp still results in a rela-

tively flat amplitude/frequency characteristic. Such a lowQ

tank system means inherently tighter coupling between tank

water and ship. Going ahead a bit to Part C, the effect of

variation of Qt is illustrated there. Quite low values ofqt
are shown to be optimum for activated tank damping. This Is

S.an important design criterion in any future installatimn of

-91-
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a system of this type. Another reason for the overall linearity

observed is that a closed loop servo system oi this type is

essentially a feed back amplifier with 100% negative feed back.

In any negative feed back amplifier, the effecc of variation

of systen parameters is greatly reduced.

The performance of the'model system is adequately described

by the litnear theory developed in Part A. Performance can now

be predicted; something which could not be done before. There

seems to be no reason why the same theory could not be applied,

with perhaps some modificatins, to full scale ships. It will

of course ",o necessary to review the assurptions made in Part A,

such as coupling to other degrees of freedom, etc.

It must be clear that the system used for these studies

represents a fixed set of parameters ;nd parameter ratios. The

next step is to deterriine what combinations of paramneters pro-

duces optimum stabilization. This is a process of synthesis,

one which is carried out in Part C of this report.

Getting back to the model system, it would be well to look

at it briefly as an actual system. It is gratifying, knowing

how many things about the system can be improved, how effective

a job of stabilization it actually does.

Design of the accelerometer !Aaves much to be desired.

Phase lag can be considerably reduced by raising the natural

frequency. Damping should be properly adjusted and kept con-

stent by using silicone oils, for example, and sensitlvity

-92-
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can ('ertatnly be increased. Above all, the present instrument

has & relatively crude voltage pick-off which has been a source

of _much tr,uble. Aeceloro__etrs can i be built which are

ent$r'31y aiequpte for ship-stebilizatirn control. They nee.

not b- a veak link in the control system.

Furt .er, any -iodern servo-systen wouid use equalizing

networks ral,'ler than differentiators in the arplifier; such

networks heing des'gned after all other elements of the system

have teen chosen so that proper comp.nsation can be obtained

over a wide range of frequencies. The amplifier will be the

heare;t s2rtallest, lihtest and most flexible element in the

entire closed loop. It should be tail.ýred to the system, not

the system to it. Again, there is no reason ,hy the amplifier

should be a weak link in the system.

The present servo-motor tends to saturate, representing

the w)eakest link in the existing control system. Certainly,

this wurdesirable conadition can be avoided. With proper design,

there is no reason why this element of the system need intro-

duce difficulty.

Significantly, the hydraulic amplifier is the strongest

link in the model control system. This was tauch damned in

pre-war tests; but, by all available w/idence, this damning was

based on .nsufficient data. Certainly hydraulic power amplifiers

3hould no-; be arbitrarily discarded from consideration. It can

be concluded that if the element with the greatest inertia,
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the one doing the most work, can be designed to produce accept-

•ble c-,tro �ls, it shotid be ef-ily possible to get even

,•tter .. rf w�e �c'from the lov,:er nover level devices.

Finally, the model system used only accelerometer co:-trol,

w--ith acce'erati:n and rate of change of acceleration as control

signnIs. Such things as intogratad pcsition control, pos-ition

contr'VI .nd velocity control could all be added to the system.

CombinatiDns of some of theS. CJIL'J1i azre cu'rsidered in Part C.

There !s aIso the possibility of incorporating feed-ahead con-

trol t3 get still further improvement in roll reduction. This

also is diccussed in Part C.

All in all, it is evident t>.at activated tank stabiliza-

ticn, even in the relatively crude form that exists on the

model syste". studied can be very effective. It is true, :-:at

even before the war it was effective in model tests of the

U.S.S. -He-ilton but co lldn't cven be tried in full scale chip

tests due to instability in the system. The possibility of

such difficulties arising can be understood by considerat!3ns

such as covered in this report. For instance, in the full

scale installation, additional amplification was added to drive

two pump control motors. The motors were different. The hy-

draulic amplifier was different and the accelerometer was the

same. It is almost certain that the control lags in the full

* scale installation loop were much different than those in the

model loop. This r:)ssibilty was not considered so it is not
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surprising that difficulty was encountered with lvop stability.

The unforturiate thing was that insufficient time was available

to really pin dzn the source of trouble. Had this been done,

it is almost certain that an effective full scale system would

have existed bsfeýe World War II. The dynanic design of the

tank-pump system ;n the U.S.S. Hamilton would have resulted in

acceptable perforuance with *ood-4ontrols.

The applica'-hity of the linear theor~y has been demonstrated.

The effectiveness of a "first try" system is encouraging. The

next logical ster is to understand the effect of variation of

system parameters. This is done in Part C. In Part D, the

information outlined in Parts A, P, C is tied together and used

to attack a hypot:hetical problem of a full scale ship installa-

tion. With tha information contained in all parts of this

report, the way 'S clear for a successful program of stabiliza-

tion of actual full scale ships by means of activated tanks.
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APPENDI, I

SI CALCULATION OF TANK FORM FACTORS FOR THE MODEL

The two most important form factors of the tank system are:

8' -- dsIo

and

S" C(--) ds
Jo

The first, S', characterizes the natural frequency of the

U-tube tanks and the second, 3", characterizes the frequency

of secondary resonance. Thus,

Cot = natural frequency of tanks= t

[st = frequency of secondary resonance =

As defined in Part A, these form factors depend on the

path traced out by the centerline of the tank system taken

relative to the "virtual* center of rotation of the ship. In

the model this center of rotation is fixed and known, while

in an actual ship its determination is a more difficult matter.

This determination will be discussed In Port D.

* Being given the center of rotation *nd the placement and

shape of the tanks, it is a reletiv17 simple matter to proceed

with the calculation of SO and r Piw. A shows a cross-

'r''" '! r " 'Re



section of the tanks, the trajoctory of their centerline, and

the center of rotation for the model. As is indicated, the

trAjectory is divided into eight parts. The factors are then

integrated numerically using an eight-point Simpson's Rule.

A. Calculation of 8'

From Simipson's Rule,

-- St= [ + 2,+ Y2 2Y3 + Y4+ 2Y + + 2Y*

where yo AO
0

YJ etc.

Now from Figure A, wve may determine a table of area ratios:

A0  = 92sq ft. ==.0 YYo 0 1-2-q ft.-

J A0  M7 = 1.30

A1 1.'.2

Y2 = = 3.43

AO =6.680

V~7 =~. Jr

I3



A0 1.(92
Y6 -5.00

1_~l92-

Y' Al I "'

A .... - 1.2

7

tJJ

-c " 6 - --. •--s o

i• ~Us4-ng_! those v~.'J.acs

i Arid ns S 10 feet

s 1 = (3 63) - ft.

B. Calculation of G"

From Siipson ' Rule,

Sit + 2X + X + 2 + V X +.
ST 1 2L L1~+ ~ ~ 3 -'- ~ X 6 + 2X

DO

o L
DI

1 -L etc.

1Now from Figure A, -,7e nay dete:mine a table of these length

7 ratios:
D

-0 L -"'9ft. 1.00 =x8

x =1.00
1 -1 2.29

D2
X= 2 29 1.02
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_6  2.86
3 =L -•9 = .

D5 2.29

.%1.5 2 L .29

1D6 2.65 = 1.i6
' X76 =- -2.2 9

!'7 _4_ - 1.00
X.7 L- 2.29

Uslng these values

S (13.38)

S10(.) - iIJ ft.
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